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Abbreviations and symbols
13c -m r Carbon magnetic resonance
31P-MR Phosphorous magnetic resonance
1H-MR Proton magnetic resonance
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
Bq static magnetic field
B1 pulsed magnetic field generated by transmit coil
B-CK brain specific cytosolic isoform of creatine kinase
B-CK“/“ mice lacking brain specific cytosolic isoform of 
creatine kinase
B-CK/UbCKmit 7 mice lacking brain specific cytosolic and mitochondrial 
ubiquitous isoform of creatine kinase
CHESS chemical shift selective
CK Creatine Kinase
Cr creatine
Cr2 methylene group of creatine
Cr3 methyl group of creatine
ES embryonic stem
GABA y-aminobutyric acid.
ßGPA ß-guanidinopropionic acid
GPC glycerophosphorylcholine
M-CK muscle specific cytosolic isoform of creatine kinase
M-CKT/_ mice lacking muscle specific cytosolic isoform of 
creatine kinase
M-CK/ScCKmit_/_ mice lacking muscle specific cytosolic and 
mitochondrial sarcomeric isoform of creatine kinase
MR magnetic resonance
MT magnetization transfer
NAA N-acetyl-aspartic acid
PC phosphorylcholine
PCR polymerase chain reaction
PCr phosphocreatine
PDE phosphodiesters
Pi inorganic phosphate
PME phosphomonoesters
PPM parts per million
PTZ pentylenetetrazole
RF radio frequency
ScCKmit sarcomeric mitochondrial isoform of creatine kinase
ScCKmit“/“ mice lacking sarcomeric mitochondrial isoform of 
creatine kinase
SNR signal to noise ratio
STEAM stimulated echo acquisition mode
T1 spin lattice relaxation time
T2 transverse relaxation time
TMA trimethylammonium
UbCKmit ubiquitous mitochondrial isoform of creatine kinase
UbCKmit“/“ mice lacking ubiquitous mitochondrial isoform of 
creatine kinase
1 Introduction
Chapter 1
1.1 Creatine kinase and energy production
Cell division and growth, active transport o f ions, generation o f heat, 
neurotransmission, sliding o f contractile proteins for cell mobility or muscle 
activity are all examples o f energy consuming processes in the living cell. In 
higher organisms, most o f the energy needed is delivered by hydrolysis o f 
the energy-rich molecule ATP to ADP and P i by various ATPases
(A T P $-------->ADP + Pi + H +) (Stryer 1995). Production o f ATP is mainly
accounted for by the oxidation o f carbohydrates and fats in glycolysis and 
oxidative phosphorylation (Stryer 1995).
In the normal situation in a living cell, energy demand and production 
are balanced and energy homeostasis is under tight control. However, the 
levels o f ATP are rather low and can provide energy for only brief periods o f 
activation. In tissues with high and fluctuating energy demands an energy 
reservoir seems necessary to quickly replenish ATP levels in periods during 
which the balance between energy consumption and production is disrupted. 
An important potential energy reservoir is phosphocreatine (PCr) which can 
generate ATP via a reaction catalyzed by creatine kinase (CK):
PCr + ADP + H + $ CK > ATP + Cr [1.1]
This reaction together with the enzyme creatine kinase is often called the 
PCr-CK system, which is the main topic o f this thesis. To reveal possible 
functions o f the PCr-CK system a mouse model is used in which part o f this 
system has been disabled in skeletal muscle (van Deursen and Wieringa 
1992; Steeghs et al. 1997) and in brain tissue using the so-called knock-out 
technology. As the main technique to study the PCr-CK system (nuclear) 
magnetic resonance (NMR) has been employed which allows non-invasive 
investigations o f the mouse in vivo.
1.1.1 Functions of the PCr-CK system
It has been generally accepted that one of the main functions of the 
PCr-CK system is that of a temporal energy buffer (see (Wallimann et al. 
1992) and references therein). During periods of misbalance between energy 
consumption and production, PCr is used to replenish ATP levels and this 
keeps the cellular pool of energy supply highly charged. The second function 
proposed is that of a spatial energy buffer. In this context, PCr serves as an 
energy carrier, the PCr-Cr energy shuttle (Bessman and Geiger 1982; 
Wallimann et al. 1992). Due to the smaller size of PCr compared to ATP it 
diffuses more efficiently throughout the cytosol connecting sites of energy 
consumption and production.
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Other functions proposed are direct consequences of the CK 
reaction. The PCr-CK system prevents a (local) rise in intracellular ADP 
(Iyengar et al. 1982; Iyengar 1984). High levels of ADP inactivate cellular 
ATPases and result in a net loss of adenine nucleotides. Another potential 
useful element of the system is its proton buffering capacity. Hydrolysis of 
ATP leads to proton production, but these protons are used when ATP levels 
are replenished in the CK reaction. In addition, the net production of Pi 
stimulates glycolysis and glycogenolysis (Davuluri et al. 1981). In the 
absence of dephosphorylation of PCr, the Pi levels could be rate limiting for 
these processes as suggested by Meyer et al. (Meyer et al. 1986). Finally, 
the PCr-CK system is able to provide optimal local ATP/ADP ratios at 
subcellular sites where CK is functionally coupled to ATP-consuming 
processes (Kammermeier 1987).
1.1.2 CK isoenzymes
In vertebrate tissue, five isoenzymes of CK are expressed in a tissue 
specific manner (Wallimann et al. 1992). In the cytosol M(uscle)-CK and 
B(rain)-CK isoforms are found. The combination of the M-CK and B-CK 
subunits gives rise to the presence of three dimeric isoenzymes, i.e. MM-, 
MB-, and BB-CK. MM-CK is predominantly found in differentiated striated 
muscle and in the heart. The latter muscle also contains small amounts of 
MB- and BB-CK. High amounts of BB-CK can be found in brain, 
photoreceptor cells of the retina, epithelial cells of kidney and intestine, 
osteoclasts, uterus, spermatozoa and in smooth muscles together with MM- 
and MB-CK (for review see (Wallimann and Hemmer 1994)). 
Undifferentiated striated muscle contains BB-CK, while in differentiated 
striated muscle mainly MM-CK is found. During the transition period of the 
developing muscle, the heterodimer MB-CK is expressed (Perriard et al. 
1978; Caravatti et al. 1979; Trask et al. 1988).
The remaining two isoenzymes of CK are mitochondrial isoforms 
which are located in the innermembrane space of mitochondria (for review 
see (Wyss et al. 1992)). Typically, the sarcomeric mitochondrial CK 
(ScCKmit) is coexpressed with the cytosolic M-CK, whereas the ubiquitous 
mitochondrial CK (UbCKmit) seems to be active where B-CK is expressed. 
The contribution of mitochondrial CK activity to the total CK activity is about 
1-2% in skeletal muscle and 0.5-15% in brain (Bittl et al. 1987; Wyss et al. 
1992). In tissues with a higher aerobic capacity the contribution of the 
mitochondrial isoform to the total CK activity is more substantial (Wyss et al.
1992).
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1.1.3 General metabolic pathways for ATP production
Under normal circumstances, the majority of ATP is produced by the 
aerobic breakdown of pyruvate and fatty acids inside mitochondria. This 
process, oxidative phosphorylation, requires oxygen and involves the citric 
acid cycle and the reactions of the respiratory chain. In the cytosol, ATP is 
produced by conversion of carbohydrates to pyruvate (glycolysis). To provide 
enough background fuel the cell stores glycogen as an efficient supply of 
carbohydrates.
Figure 1.1: The general mechanism of energy production in the muscle cell. As source 
glucose or glycogen are used in glycolysis to produce ATP. This ATP is shuttled through 
the cytosol toward the site of energy consumption (ATPase). The end product of 
glycolysis/glycogenolysis, pyruvate, is transported into the matrix of the mitochondrion and 
oxidized in the citric acid cycle to produce NADH/FADH2. Another pathway producing 
these electron carriers is the %-oxidation o f fatty acids. In the respiratory chain 
NADH/FADH2 are reduced using oxygen and the resulting protons outside the matrix, will 
be forced back into the matrix under influence o f the electrochemical gradient through the 
ATP synthase (F0Fr ATPase) to produce ATP. ATP is transported out of the matrix via the 
Adenosine Nucleotide Transporter (ANT). The mitochondrial isoform of CK may transform 
the high energy phosphoryl group to Cr to keep the local ADP levels high. The PCr formed 
is shuttled through the cytosol using cytosolic CK isoforms towards the site of energy 
consumption.
Glycolysis is composed of 10 successive reactions in the cytosol that 
convert glucose into pyruvate to produce ATP. Under normal physiological 
conditions pyruvate is transported into the mitochondria where pyruvate is 
transformed to Acetyl-CoA. The acetyl moiety is completely oxidized to CO2 
in the citric acid cycle. The nicotinamide adenine dinucleotide (NAD+/NADH)
12
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and flavin adenine dinucleotide (FAD/FADH2) produced, are reducing 
equivalents to the respiratory chain of enzymes. Electron flow through the 
chain results in the pumping of protons out of the mitochondrial matrix and 
the generation of a membrane potential. ATP is synthesized when protons 
flow back to the matrix through a channel in an ATP-synthesizing complex 
called FoF-i-ATPase.
Another source to produce ATP are the triacylglycerols, which are 
highly concentrated energy stores. These triacylglycerols are hydrolyzed to 
glycerol and fatty acids by lipases. Glycerol formed by lipolysis is 
phosphorylated and oxidized and it can enter the glycolytic pathway to 
produce ATP. Fatty acids are activated by linking them to coenzyme A and 
are transported into the mitochondrial matrix by conjugating them to 
carnitine. This acylcarnitine is then shuttled across the inner mitochondrial 
membrane, where the reverse reaction restores the active fatty acid. In the 
matrix the fatty acids are oxidized in the so-called beta-oxidation to produce 
NADH and FADH2, which are used in the respiratory chain to produce ATP. 
Via this pathway, one glucose molecule can generate 30 ATP molecules 
(Stryer 1995).
In periods during which the production of ATP in the mitochondria is 
insufficient or during periods of lack of oxygen (ischemia) when the whole 
process of oxidative phosphorylation is shut down, cytosolic pyruvate can be 
transformed to lactate. In this way the glycolytic pathway will stay operational 
and ATP is produced anaerobically. However, this pathway is less efficient 
and leads to acidification if sustained for prolonged periods. Compared to the 
complete oxidation of glucose, anearobic production is much less efficient 
and results in the production of only 4 ATP molecules.
The metabolic pathways shown in figure 1.1 are relevant for skeletal 
muscle. The major fuels for muscle are glucose, fatty acids and ketone 
bodies. In addition, skeletal muscle has a large store of glycogen. This is in 
contrast with brain, where glucose from circulation is the sole fuel and with 
the possible exception of glycogen in glia cells almost no energy stores are 
present.
1.2 Energy capacity of skeletal muscle
Skeletal muscles consist of groups of muscle bundles that join into a 
tendon at each end. These muscles have an ordered arrangement of mature 
muscle cells or muscle fibers. Skeletal muscle can be controlled voluntarily 
and in action it has a high demand for energy. For this reason, muscle cells 
have a high concentration of enzymes for glycolysis and contain many 
mitochondria. The enzymatic make up and cytoarchitectual characteristics 
vary with fiber type depending on the particular function of the muscle. Fibers 
can be divided in type 1 (slow) and type 2 (fast) fibers, where the fast fibers
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can be subdivided in fatigue-resistant (type 2A) and fast-fatiguing (type 2B) 
fibers (Jones and Round 1990). The mitochondrial capacity to produce ATP 
is high in type 1 fibers, whereas type 2 fibers rely mainly on energy 
production by glycolysis and have large glycogen stores. The difference 
between type 2A and 2B fibers is that type 2A has a slightly higher aerobic 
(mitochondrial) capacity compared to type 2B. Typically, type 1 fibers can 
maintain their initial force for more than 1 hour, type 2A for a few minutes 
and type 2B for only about 20-30 seconds. These differences in functional 
properties are in rat, cat and mouse skeletal muscle also reflected in the PCr 
and CK levels (Meyer et al. 1985; Yamashita and Yoshioka 1991; 
Kushmerick et al. 1992). Due to the higher mitochondrial content in type 1 
fibers, the mitochondrial ScCKmit activity, is also at a higher level than in 
type 2 fibers. This could indicate a dominant role for ScCKmit in energy 
transport (spatial buffering) (Wallimann et al. 1992). The cytosolic M-CK 
levels and the PCr pools are higher in type 2 fibers, indicating a more 
prominent role as energy buffer of the PCr-CK system in these fibers.
1.3 Interfering with the CK-PCr system in skeletal muscle
1.3.1 Feeding creatine analogues
Most data supporting the concept of a PCr-CK shuttle have been 
obtained by study of isolated mitochondria and myofibrils. There is less direct 
evidence for the importance of the shuttle system in vivo. To understand the 
significance of the PCr-CK circuit in animals properly one needs to interfere 
with its functionality. Such studies have been attempted by feeding animals 
the creatine analogue ß-guanidinopropionic acid (ßGPA) to reduce the 
activity of the creatine kinase reaction (Chevli and Fitch 1979; Shoubridge 
and Radda 1984; Holtzman et al. 1989; Meyer 1989; van Deursen et al. 
1994; Wyss and Wallimann 1994; Wiseman and Kushmerick 1995). ßGPA 
inhibits the uptake of creatine thereby reducing the levels of Cr and PCr. 
ßGPA is a poor substrate for CK, but can be phosphorylated to ßGPAP. The
31accumulation of its phosphorylated form can be monitored using P 
magnetic resonance spectroscopy (MRS). Feeding rats a diet containing 
ßGPA for 8-10 weeks results in reduced levels of total creatine, PCr, ATP 
and CK activity of about 12-, 10-, 2- and 1.5-fold respectively. Although this is 
a substantial reduction, the amounts of Cr, PCr and CK available are still 
enough to support the energy flux from mitochondria to myofibrils (Wallimann 
et al. 1992) and the PCr-CK system is not shut down completely, yet 
adaptation of the muscle to this new situation can be observed. Upon ßGPA 
treatment type 2 (fast) fibers increase their aerobic (mitochondrial) potential 
by about 40% and the glycogen stores increase by a factor of 2 (Shoubridge 
et al. 1985). Strikingly, this higher glycogen content is not used in a faster
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way during activating of the muscle due to the lack of increase in inorganic 
phosphate which is an activator of glycogenolysis (Meyer et al. 1986). This 
observation supports the supposition that the PCr-CK system is a necessary 
source of inorganic phosphate. The mitochondrial isoform of CK is not able 
to phosphorylate ßGPA. It was clearly shown by van Deursen (van Deursen 
et al. 1994) that mice lacking the cytosolic isoform of muscle specific CK 
(van Deursen et al. 1993) did not accumulate ßGPAP after feeding this 
creatine analogue. Although the feeding of creatine analogues resulted in an 
improved understanding of the PCr-CK system, it did not provide further 
clues regarding the possible roles of the individual CK-isoenzymes.
1.3.2 Transgenic mice target at CK genes
Gene targeting in embryonic stem cell (ES) (Capecchi 1989) allows 
us to produce mice with specific mutations in defined regions of the genome 
(see for example (Hooper 1992)). This technique is very frequently used to 
reduce, induce or over-express the activity of a specific enzyme. This 
approach therefore allows us to study the possible role of the targeted 
enzyme in vivo. The generation of mice overexpressing or lacking one or 
more isoforms of CK opens new, more defined ways to probe the 
functionality of the PCr-CK system in intact animals.
For example, trangenic mice have been generated, which express B- 
CK (Brosnan et al. 1990; Koretsky et al. 1990) or UbCKmit (Miller et al. 1997) 
in the liver, which normally does not contain any CK. Induction of hypoxia in 
the livers containing B-CK revealed decreasing PCr levels, indicating that the 
concentration of PCr is influenced by the metabolic status of the liver 
(Koretsky et al. 1990). The onset of ischemic cell damage was delayed in 
transgenic livers containing PCr and B-CK, which demonstrated the role of 
(B-)CK in buffering ATP levels and regulating intracellular pH (Miller et al.
1993). Transgenic mouse liver containing the ubiquitous mitochondrial 
isoform of CK is active in vivo and could produce or utilize PCr, but an 
unusual mitochondrial morphology was observed in livers with the highest 
UbCKmit acitivity (Miller et al. 1997). Increasing the total creatine levels led to 
a return to a normal mitochondrial morphology.
Mice have been generated that lack the muscle specific cytosolic 
isoform of CK (M-CK/&) (van Deursen et al. 1993) and mice completely 
deficient in mitochondrial muscle specific CK (ScCKmit/_) (Steeghs et al. 
1997). Interbreeding of these two mouse mutants resulted in mice completely 
deficient in muscle specific creatine kinase (M-CK/ScCKmit 7  ) (Steeghs et 
al. 1997; Steeghs et al. 1998).
Mice deficient in M-CK in skeletal muscle are viable, show no overt 
abnormalities and have normal ATP, Cr, PCr and Pi levels as well as normal 
tissue pH values (van Deursen et al. 1993). In resting hind leg muscle, no
15
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31flux between PCr and ATP was detectable using P MR spectroscopy 
methods (van Deursen et al. 1993; van Dorsten et al. 1997). Nevertheless, 
PCr breakdown could be observed when the muscle was stimulated in an 
exercise protocol. This means that degradation of PCr is caused by the 
mitochondrial isoform of CK and that cytosolic ATP levels can be buffered by 
shuttling relevant metabolites through the mitochondrial outermembrane in 
reverse of what is considered the more common flux direction. This occurs 
even though fluxes through this compartment are apparently too low at rest
31to be detectable using current P MR spectroscopy methods. One of the 
most obvious physiological phenotypes in these mice is the lack of burst 
activity, clearly in support of the role of PCr in this activity. After the first 
normal peak tension, the force drops down in subsequent contractions. 
Although, the force of contraction remained virtually the same in control 
mice, mice lacking M-CK revealed an increase in endurance performance. 
This is due to the adaptations in these mice as a result of the lack of M-CK. 
M-CK/& mice show an increase in mitochondrial volume (60%) and a higher 
glycogen content and faster breakdown rate of glycogen in type 2 fibers. This 
differs from the situation with creatine analogues where also a higher 
glycogen content was observed as a result of adaptation, but in which these 
glycogen stores were not used in an enhanced way during stimulation of the
31muscle (Shoubridge et al. 1985). P-MR spectroscopy, histochemistry or 
functional tests did not reveal an abnormal phenotype in mice lacking the 
sarcomeric mitochondrial CK isoform (Steeghs et al. 1997), which questions 
its proposed central role in maintaining oxidative muscle performance.
Even more surprising was the finding that a complete deficiency of 
CK did not have major consequences for energy homeostasis of skeletal 
muscle, CK/& mice were viable and apparently normal. A puzzling aspect is 
the presence of PCr in the muscles of these mice. It has previously shown 
that the PCr pool is virtually inert up to two hours postmortem (Steeghs et al. 
1997). Although no adequate explanations are known yet, it might be 
possible that trace amounts of B-CK are present in adult fibers originating 
from the high B-CK activity during the postnatal development of the muscle 
(Hall and DeLuca 1975). The (inert) pool of PCr observed is about 60% lower 
than in control mice, while the total creatine pool as well as the ATP pool 
seems to be identical. The levels of inorganic phosphate and the 
phosphomonoesthers (PME) are somewhat higher in M-CK/ScCKmit 7 
mice than in control mice, but the intracellular pH values are not different. A 
detailed study on the origin of the PCr content in M-CK/ScCKmit 7  muscle 
and the postnatal development of these muscles is subject of study in 
chapter 4.
Stimulation of the CK deficient muscles revealed that also these 
muscle are not able to sustain force as was shown for M-CK/& muscles and 
that the decline in peak force in M-CK/ScCKmit 7  muscle was somewhat
16
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faster. This could be attributed to an altered calcium homeostasis. Apart from 
this physiological phenotype, M-CK/ScCKmit 7  mice exhibit 
hyperproliferation of the sarcoplasmatic reticulum, which acts as a store for 
the uptake and release of calcium.
Overall the experiments on transgenic CK mice demonstrated a high 
level of plasticity for the energetic network in skeletal muscle. This prompts 
to further assess how and to what extent the PCr-CK system may contribute 
to this network in vivo.
1.4 Energy requirements in brain
The brain is composed of two main types of cells; neurons and glial 
cells, a special kind of supporting cells (see for example (Brodal 1992)). 
Neurons form an anatomical network and the communication between 
neurons takes place at synapses using signal molecules or 
neurotransmitters. The influence of a neurotransmitter on its neighboring 
cell(s) can be direct, by binding to a specific receptor (e.g. glutamate, GABA, 
glycine) or indirect (e.g. acetylcholine, dopamine, noradrenaline) in which 
case a second messenger is involved (see for example (Nicholls et al. 
1992)). The most important second messengers include Ca2+, inositol 
polyphosphate, cGMP, cAMP and diacylglycerol.
In contrast to neurons, glial cells do not conduct impulses, but 
support the functioning of the neurons. One group of glial cells are 
astrocytes, which make contact with both capillaries and neurons. Another 
type of glial cell is the oligodendrocyte, a cell type responsible for the 
myelination of the axons. Glial cells seem to be activated especially after 
injury of the nervous tissue. A consequence of an injury might be high local 
levels of astrocytes, where these glial cells form a kind of scar tissue (Brodal 
1992).
Brain ATP plays a fundamental role in maintaining brain function. 
Under normal conditions it is almost exclusively synthesized by mitochondrial 
oxidative phosphorylation (Erecinska and Silver 1989). Carbohydrates such 
as glucose, pyruvate or lactate, or medium chain fatty acids and ketone 
bodies (acetoacetate, butyrate) from the circulation are the main source of 
metabolic energy for the brain (see for example (Siegel et al. 1989)). 
Evidence for the cerebral metabolic pathways in vivo were previously studied 
using autoradiography (Sokoloff et al. 1983) and positron emission 
tomography (Herskovitch 1988), but these techniques did not provide 
information about individual metabolic processes in neurons or glial cells. In
13vivo C-MR spectroscopy can provide this kind of information (Baddar- 
Goffer and Bachelard 1991; Bachelard and Baddar-Goffer 1993; Cruz and
13 13Cerdan 1999). Especially the use of C-labeled substrates, like C-glucose,
13 13C-acetate or C-lactate, help to understand part of the complicated
17
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dynamics of metabolic pathways in neurons and glial cells (for review see 
(Cruz and Cerdan 1999)).
An adequate operation of cerebral activities demands a close 
coordination between neuronal and glial metabolism. Such a close 
interaction between astrocytes (glial) and neurons is suggested in figure 1.2.
13The concept of this glutamine-glutamate cycling was obtained using the C- 
labeling MR spectroscopy technique. Important functions of astrocytes are 
the removal of neurotransmitters from the interstitial space and the regulation 
of the extracellular K+ concentration. Action potentials running along the cell 
membrane result in increasing Ca2+ levels. In turn this stimulates the release
synapse
action astrocyte
Figure 1.2: This metabolic pathway shows the coupling of glucose uptake by the astrocyte 
from the blood and the neurotransmitter cycling after stimulation. For details see text 
[adapted from concept o f Magistretti et al. (31)]
of neurotransmitters, like glutamate. The glutamate molecules diffuse 
through the synaptic cleft to stimulate the receptors of the postsynaptic 
neuron. In order to be able to stimulate the neuron again, the 
neurotransmitter must be removed from the synaptic cleft. For glutamate a 
specific transporter exists, which cotransports glutamate and Na+ into the 
astrocyte. At this stage, ATP is needed to convert glutamate into glutamine. 
This is transported to the neuron, where glutamine is converted back to 
glutamate. ATP is also needed to restore the Na+ gradient by the Na+-K+- 
ATPase. The ATP needed for these two energy consuming processes is 
provided for by the uptake of glucose from the blood by the astrocyte. 
Glycolysis in the astrocyte produces lactate and the ATP needed. Lactate is 
oxidized in the astrocyte or transported into the neuron, where oxidative 
phoshorylation produces the ATP needed in the neurons. In summary, this 
process couples the glucose uptake by the astrocytes and the glutamate­
glutamine cycling after stimulation of the neuron. Evidence for this metabolic
18
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13pathway is given by Magistretti et al (Magistretti et al. 1999). By using C- 
labeling in magnetic resonance experiments, it was demonstrated that after 
stimulation this cycling of glutamine and glutamate accounts for most (90%) 
of the additional ATP consumption in the brain (Magistretti et al. 1999).
The brain is, like muscle, an organ with large and rapidly changing 
ATP requirements. It is for this reason that brain is supposed to contain 
relatively high concentrations of PCr with high levels of both the cytosolic and 
mitochondrial isoforms of CK. However, in contrast to skeletal muscle, the 
isoforms of CK are not uniformly distributed. Cytosolic B-CK is present in 
gray and white matter, while the mitochondrial ubiquitous CK is dominantly 
present in gray matter (Kaldis et al. 1996). This non-uniform distribution most 
likely reflects the heterogeneity in energy demand in different regions of the 
brain or within one cell. Indeed, the rates of ATP consumption and production 
vary within the brain and these rates are generally higher in gray matter than 
in white matter (Cadoux-Hudson et al. 1989). Thus the conclusion is justified 
that regional differences in energy also exist within one single cell (Hertz and 
Peng 1992). After stimulation of the nerves, energy consumption mainly 
occurs at the axon terminals rather than in the cell body (Kadekaro et al. 
1985). Under normal baseline conditions, most of the ATP (40-50%) is used 
to maintain ion homeostasis (Erecinkska and Silver 1994). The remaining 
energy supply is used for protein and lipid biosynthesis, cell maintenance and 
repair, neurotransmitter metabolism including synthesis, packaging, transport 
and release, and protein phosphorylation (Erecinska and Silver 1989).
Studies aimed at studying the physiological role of the PCr-CK 
system involved, like in skeletal muscle, the feeding of creatine analogues 
(Holtzman et al. 1989; O'Gorman et al. 1996; Holtzman et al. 1997; Holtzman 
et al. 1998). However, while in skeletal muscle nearly all PCr could be 
replaced by ßGPAP, in brain only half of the PCr content could be substituted 
(Holtzman et al. 1989). This kind of compartmentalization of metabolites is 
also seen during a seizure, a condition with one of the highest energy 
demands in brain, during which only 20-40% of the PCr is used, while ATP 
levels stay constant. When the blood flow is stopped, PCr and ATP levels 
drop to zero quickly (Prichard et al. 1983; Hope et al. 1987; Peres et al. 
1988). This led to the hypothesis that the brain has two PCr compartments; 
one which is used as an energy reserve during metabolic stress and another 
which is stable during hypoxia and seizures, but utilized under ischemic 
conditions (Shoubridge et al. 1982; Holtzman et al. 1989). The fast depleting 
compartment consists of neurons. Astrocytes, or at least parts of the brain 
coupled to non-neuronal transport functions, could represent the more stable 
compartment. This would fit in the concept described in figure 1.2, since 
astrocytes obtain glucose as an energy source directly from the circulation, 
while the synapse depends on the astrocyte for obtaining lactate as 
substrate.
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1.5 A non-invasive technique to probe energy metabolism 
in vivo
A powerful technique to study physiology and metabolism in intact 
living systems is magnetic resonance (MR). It allows us to investigate the 
mouse in vivo in a non-invasive way, although relatively complicated, 
because o f the dimensions o f the mouse. In the remaining o f this chapter, the 
scope o f in vivo MR spectroscopy will be discussed. To start with, a short 
introduction will be given about basic elements o f the nuclear magnetic 
resonance phenomenon, relevant for this thesis both by classical and 
quantum mechanical descriptions. The reader may skip this part without the 
risk o f not being able to understand the section on in vivo MR spectroscopy 
(see 1.6)
1.5.1 Nuclear Magnetic Resonance (NMR) or Magnetic Resonance (MR)
Already in 1924, Pauli suggested that certain atomic nuclei should 
have the properties of spin and magnetic moment and that exposure to a 
magnetic field would lead to splitting of their energy levels (Pauli 1958). 
However, it was not before 1946, that Bloch at Stanford and Purcell at 
Harvard, working independently, were able to demonstrate that nuclei absorb 
electromagnetic radiation because of the energy splitting induced by the 
magnetic field (Bloch et al. 1946; Purcell et al. 1946). Both physicists 
received the Nobel Prize in 1952.
In the years following the discovery of nuclear magnetic resonance 
(NMR), it was realized that the molecular environment influences the 
absorption of the radio frequency radiation by a nucleus in a magnetic field 
and that this effect can help to identify and understand molecular structure. 
Since then, the growth of NMR spectroscopy to probe molecular structure 
has been explosive, and the technique is now widely used in organic, 
inorganic and biochemistry.
In 1973, Lauterbur (Lauterbur 1973) demonstrated the concept of 
nuclear magnetic resonance imaging. Images of cross-sections of fruit, 
animals and humans were obtained during the 70’s. In 1974 Hoult et al. 
showed the first application of NMR spectroscopy on intact, freshly excised 
rat skeletal muscle (Hoult et al. 1974). Since then, in vivo NMR imaging and 
spectroscopy evolved rapidly, both for scientific and clinical purposes.
Although incorrect in the case of NMR the term ‘nuclear’ is often 
associated with nuclear radiation. To prevent confusion the technique is 
called MR in a clinical environment, while chemists and physicists still prefer 
to use the term NMR.
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1.5.2 A short description of magnetic resonance
The Larmor frequency
A nucleus rotates around its axis and thus has the property of spin. 
Since a nucleus has a charge, its spin has an angular momentum J and 
thus gives rise to a magnetic field analogous to the field produced when 
electficity flows through a coil of wire. The resulting magnetic dipole moment 
)  = yJ is oriented along the spinning axis. The gyromagnetic ratio y has a 
value that is characteristic for each type of nucleus.
Under influence of an external magnetic field B , the magnetic 
moment experiences a torque + = px B = dJ /d t, which leads to the 
expression
Since dp/dtby definition is perpendicular to £ and B, dp/dtwill only 
influence the direction of p and not the amplitude. The consequence of this 
torque is a precession around B . From figure 1.3 the expression 
dp/ dt = y|p| |B|sin0 can be deduced. For small angles a, sin (da)=da. So the
angular velocity becomes o = da/dt = yB . The frequency of this precession 
( o = o / 2 /  ) is called the Larmor frequency. At the field strength B of 7T the 
Larmor frequency for proton spins is 300 MHz.
Figure 1.3: The torque between main magnetic field Bz and the magnetic moment p  
results in a precession p  of around Bz.
Discrete levels o f energy in a spin system
The magnetic moment p does not have an arbitrary value. This has 
been shown in 1921 by the Stern-Gerlach experiment (Gerlach and Stern
[12]
z
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1924). Stern and Gerlach used the property of an inhomogeneous magnetic 
field, in which a magnetic dipole experiences a force F = M vB . When a 
small beam of atoms is send through a homogeneous magnetic field, no 
force acts on these atoms and all atoms can be collected at the same 
position on a plate directly behind the magnetic field. However, in an 
inhomogeneous field the atoms will experience a force by which they will 
bend away. In their experiment the (linear) magnetic field inhomogeneity is in 
the z-direction. When in the incident beam the direction of the magnetic 
moment of each atom is completely randomly a continuous spread of atoms 
at the collecting plate was expected. However, Stern and Gerlach observed 
for silver atoms two distinct and separate lines of spots on the plate, 
symmetrically about the point of no deflection. This lead to the postulate that 
the magnetic moment has only discrete values Mz=m", where the magnetic 
moment number m=-I, -I+1,....,+I.
For spin I=1 the two magnetic moments are m=+1 and m=-1. As a 
consequence, the energy levels E=-ym"Bz, will also be quantised. This 
equation shows that for a given nucleus, the magnitude of the energy splitting 
is depending on the strength of the magnetic field used. In this situation the 
energy difference is AE=y"Bz. Since the quantum mechanic relation between 
energy and angular velocity is E="ra="(2/v), immediately the expression for 
the Larmor frequency ( o = yB ) is found. This expression is the same as has
been found by the classical approach (see above).
Change o f the net magnetization
The strength of the MR signal is determined by the difference in the 
number of nuclei in state m=1 and m=-1 (the net magnetization). The ratio 
between the number of nuclei in state N+ for m=1 and N- for m=-1 is related 
to the Boltzman distribution (Slichter 1980):
where k is the constant of Boltzman (1.381 x10-23 J/K) and T the temperature 
in Kelvin. This equation shows that the main magnetic field Bz is necessary to 
create a net magnetization. The stronger the magnetic field, the larger the 
difference in nuclei in state N+ and N& That is the reason that, in a first order 
approach, the sensitivity of the MR experiment increases with an increasing 
magnetic field strength.
A potential disadvantage of higher field strengths is that the larger 
energy splitting due to the magnetic moment requires more energy (or higher 
frequency) to induce changes in the net magnetization. The steady state 
situation can be disturbed by applying a weak oscillating B1 field in the x-y
[13]
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plane, for example B1=Bx cos rat, where t is the duration of the oscillating RF 
pulse. Let’s consider the case for one particle with I=1 and the system being 
in a state m=1 or in state +. The oscillating B1 is applied exactly on 
resonance, i.e. ro=roi_armor. The probabilities of finding the system in levels with 
m=1 (+) or m=-1 (-) are:
P(+ #  +) = cos2 (®0t/4) = P (- #  - )  4]
P ( + # - )  = sin2( ro0t/4) = P( - # + )  '
wherera0 = y B x/ "  . The expressions in which B1 oscillates off-resonance are 
described in (Bransdan and Joachain 1989). A graphical representation of 
the probability equations for B1 applied on resonance is shown in figure 1.4. 
Equation [1.4] is valid for one particle, but if all particles are identical, the 
same expression can be used for the net magnetization. The chance for a 
transition from one state to the other at a certain time is 1 for all spins, thus if 
after this time a population inversion is reached; this is called a 180 degree 
pulse. Likewise, at another time, there is a chance 1  to find a spin in one 
state, the average z-magnetization is zero, thus the magnetization is now 
completely in the x-y plane. The time needed for a pulse can be shortened by 
using stronger B1 oscillations with higher amplitude.
When the B1 oscillations are stopped, the z-magnetization relaxes 
back to the starting situation under influence of the main magnetic field. The 
time constant T1 is a parameter for the time needed that under influence of 
the main magnetic field the population difference will recover. This is called 
the T1-relaxation or spin-lattice relaxation as it is affected by this interaction. 
Another relaxation parameter is the T2 relaxation and relates to loss of phase 
coherence in the static field. During recovery of the population difference, the 
spins emit energy to the environment. The detection of this energy, or 
frequency, can be used to create MR spectra, or in combination with 
magnetic field gradients in MR images.
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Figure 1.4: The probability o f change of magnetic moment number for two nuclei with spin 
% as a function o f time when an oscillating B í field is applied when the spin is initially in 
the state + (solid line) or at t=0 in state -  (dashed line). A t certain time moments the 
chance of a switch in magnetic moment number is 1: an inversion is established (180- 
degree pulse). Before that time point (at a probability 0.5), also the expectation value of 0 
for the z-magnetization is passed. This is the 90 degree pulse. Note that this figure only 
represents the probability function derived for one particle. The net magnetization will be 
found by summation o f the whole ensemble. This will give the same time curve, since all 
particles are identical in this example.
1.5.3 Shifts and splittings
Chemical shift
In MR experiments a distinction can be made between different 
molecules and between individual atoms within a molecule. This is mainly 
due to the so-called chemical shift. Chemical shifts originate from the orbital 
motion of electrons, which produce a small field at the nucleus that is 
proportional and opposite to B0. The strength of this small field is ctB, where 
c is a screening factor defining the contribution of this small secondary field 
to Beff.
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The total effective field, Beff, is then defined as:
Beff = Bq- ;  B0 = Bq (1- ; ) [1.5]
To make it field strength independent the relative chemical shift can be 
expressed in the dimensionless unit parts per million (ppm). At higher fields, 
the chemical shift differences between different atoms in molecules are 
bigger in terms of Beff (due to higher B0 in expression [1.5]). This helps to 
resolve spectral patterns of different atoms/molecules.
Dipole-dipole interaction
The interaction responsible for the chemical shift is not the only 
interaction that influences the resonance frequency. The magnetic moments 
of different spins have an energy exchange, which depends on the 
magnitude of the angular momentum and decreases fast as a function of the 
distance between the two spins. These are the so-called dipole-dipole 
interactions and contribute in most cases to the most dominant relaxation 
mechanism (Van de Ven 1995). The result of dipolar coupling is a splitting of 
the resonance (see for example (Slichter 1980)). For two spins with I=1 the 
splitting is given by
where 0 is the angle between the direction of the main magnetic field and the 
relative orientation of the molecule. This splitting has a maximum when 0 
equals 0° and is zero at an angle of 54.7 degrees. The angle of 54.7° is 
called the magic angle, because the dipole-dipole interaction disappears at 
this angle. If the molecule tumbles isotropically, no preferred orientation exist 
and thus the dipolar splitting is on average zero. If in an ensemble of spins 
the preferred orientation is identical, the splitting will be the same as for one 
pair of spins. However, if for some reason, a distribution of different angles 
exists, the integral over the angle changes should be taken into account to 
calculate the effective splitting.
[16]
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The expression for the whole ensemble for two dipolarly coupled 
protons and no additional J-coupling is (Pake 1948):
2f = 1.5D0 (1 -  3cos2 0 ) [1.7]
where Af is the frequency separation of the two resonances, and D0 is the 
coupling constant. The coupling constant is defined as D0=>(r)S, where > is 
proportional to r-3 (see equation [1.6]). The ordering parameter 
S =< 1 - 3cos20'> is a time-average factor of the internuclear vector with 
respect to the preferred orientation of the molecule. The dipolar splitting is, in 
contrast to chemical shift, independent of the strength of the magnetic field, 
and it is for that reason expressed in Hertz. In solid state conditions, a dipolar 
splitting of > 20000 Hz can be observed, while in vivo dipole-dipole 
interactions lead to a splitting of about 20 Hz (Kreis and Boesch 1994), 
suggesting a very small ordering parameter S. This makes it difficult to 
resolve dipole-dipole interactions in in vivo MR spectra at higher fields.
1.6 In vivo MR spectroscopy
In vivo MR spectroscopy offers metabolic and physiological 
information at the tissue level. Individual cells and intracellular 
microcompartments with different metabolite levels are not directly 
observable with MR spectroscopy. However, evaluations and interpretations 
at cellular or sub-cellular level are feasible when certain assumptions can be 
made about the origin o f the signals under observation. Furthermore, in 
general only small mobile compounds generate peaks with sufficiently small 
line widths to make them visible in the MR spectrum. Binding o f small 
molecules to larger sub-cellular structures or macromolecules limits their 
rotational freedom and renders them MR invisible.
The visibility o f a compound also depends on its concentration. The 
sensitivity o f the MR experiment depends on a number o f factors such as the 
nucleus used and the measurement time. As a rule o f the thumb, the lower 
level o f detection for in vivo P MR spectroscopy is about 0.5 mM, while for 
H MR spectroscopy this is about 0. i  mM. This restricts the number o f MR 
visible compounds. These days, the effective sensitivity o f in vivo MR 
spectroscopy increases with the availability o f higher field strengths and the 
development o f optimized RF and gradient pulse sequences and
31radiofrequency probes. For this study in mouse muscle and brain, mostly P 
and H MR spectroscopy were used as these approaches offer windows on 
most elements o f the CK reaction.
Other MR nuclei used in (biomedical) metabolic MR spectroscopy
13are C (for example (Shulman et al. Í990; van den Bergh et al. Í996; 
Petersen et al. Í998; Roussel et al. Í998; van den Bergh et al. 2000), and
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19F (for example (Stevens et al. 1984; Robinson et al. 1997; van der Sanden 
et al. 1999)).
311.6.1 P MR spectroscopy of skeletal muscle and brain
31The first in vivo P MR spectroscopy experiments were applied on 
animal tissue (Hoult et al. 1974; Ackerman et al. 1980). It was first applied to 
human skeletal muscle in 1981 to monitor the levels and fate of high-energy
31phosphates in skeletal muscle (Chance et al. 1981; Ross et al. 1981). P 
MR spectroscopy offers a unique way to monitor energy metabolism in 
skeletal muscle, since the metabolites observable are directly involved in 
essential reactions such as the creatine kinase reaction. The most
31dominating signals in the P MR spectrum are the resonances of the 
phosphate in phosphocreatine (PCr) and the three inequivalent phosphate 
atoms of adenosinetriphosphate (ATP). Usually also a signal for inorganic 
phosphate can be observed and under favorable conditions phosphate 
signals for phosphomonoesters (PME) and phosphodiester (PDE) are 
observable as well.
ppm
Figure 1.5: Phosphorous MR spectrum acquired from the hind leg of a mouse. 
Resonances visible are from PCr, phosphates from ATP, Pi and PME. The resonance of 
PDE is not detectable in this case but should resonate between PCr and Pi as indicated. 
The chemical shift difference between Pi and PCr can be used to estimate the intracellular 
pH. Magnesium levels can be calculated from the chemical shift difference between the 
-ATP and %ATP resonance positions.
31As the chemical environment of the P nuclei may alter upon 
different physiological conditions of the tissue, the phosphate resonance 
positions may change as well. Of particular importance is the effect of pH 
variation on spectral resonance positions (Moon and Richards 1973). The
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method generally used is to determine the chemical shift difference between 
the constant resonance position of PCr and the pH-induced shifting of the Pi
31signal. Since most of the Pi-signal in P MR spectra of brain and muscle 
arises from intracellular cytosol, the intracellular pH is determined in this way 
(see (Gadian 1995) and references therein). Also the three ATP resonances 
shift as a function of pH and these could also be used to determine 
intracellular pH (Mitsumori 1985; Pettegrew et al. 1988). However, calculation 
of pH using the ATP shifts is less accurate and is only used whenever for 
some reason the PCr signal is not available to use as an internal reference.
Another physiological component that may affect resonance 
positions is the cellular magnesium (Mg2+) concentration. The ß-ATP 
resonance position is sensitive to Mg2+ binding (Gupta and Moore 1980). 
Recent studies based on calculations of the free cytosolic Mg2+ concentration 
from shifts in ATP resonances have revealed changes in this concentration 
as a result of exercise in skeletal muscle (Lotti et al. 1999) and pathology in 
brain (Barbiroli et al. 1999) and skeletal muscle (Park et al. 1999). Since the
31 2+calculation of pH from P MR data is based on a certain Mg concentration 
and Mg2+ calculation assumes a certain pH, iterative calculations have to be 
done in situations where significant changes in Mg2+ levels and pH values 
are expected (Williams et al. 1993). After several iterations the concentration 
of Mg2+ and the value for the pH converge.
31P MR spectroscopy offers an unique possibility to determine flux 
rates in biochemical pathways in vivo by the magnetization transfer method 
(Brindle 1988; Rudin and Sauter 1992). The technique involves perturbation 
of the magnetization of a nuclear spin system in a particular compound. 
Monitoring how this perturbation influences the nuclear magnetization of this 
spin system present in another compound with which chemical exchange 
exists. In figure 1.6 an example is shown for the saturation transfer 
experiment at the hind leg of a mouse lacking the cytosolic and mitochondrial 
isoform of CK in skeletal muscle and a normal mouse. This figure also 
shows the control experiment necessary in saturation transfer experiments. 
In that control measurement the saturation is applied at an equal frequency 
distance, opposite to the target peak, to correct for imperfections of the 
selectivity of the saturation pulse.
Rudin and Sauter (Rudin and Sauter 1992) give a detailed theoretical 
description of the magnetization transfer technique. The final equation that 
describes the exchange for a two-site system
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Figure 1.6: Phosphorous MR spectra obtained from a selective saturation transfer 
experiment using a wild type mouse (left) and a muscle specific creatine kinase deficient 
mouse (CK—/&) (right). Saturation of the yATP leads to a decrease in PCr signal intensity in 
a wild type mouse due to the exchange of yATP and PCr in the creatine kinase reaction. 
The difference spectrum at the bottom shows signal saturation reflecting the amount of CK 
activity. The activity is not present in the creatine kinase knockout mouse.
(in this example PCr and yATP) as a function of time when resonance yATP 
is being saturated is given by (Rudin and Sauter 1992):
Mz, PCr(t) 1
Mz, PCr ,eq 1 ! kRGr#yATRT1, PCr
1-
1 !  ^ PCir# yATPT1, PCr
exp I —f kRGr#yATR+ ) t
[1.8]
1
where T1pCr is the intrinsic T1 relaxation time of phosphocreatine, k ^ # ^  
the exchange rate constant, t the time, and Mz, PCr the z-magnetization of the 
PCr resonance on time t=0 (Mz, ra-.eci) and on time t respectively. The 
exchange rate constant k ^ , - # ^  and the T1, PCr can be determined if in one 
experiment the saturation of the PCr resonance is measured for different 
saturation times. On the other hand if T1 is known, one saturation time will be 
enough to determine the exchange rate constant k ra -# ^ . This technique is 
commonly applied to determine the exchange rate or the flux through the 
creatine kinase reaction in vivo. Studies have been carried out in which the 
dynamics for the creatine kinase reaction in skeletal muscle are examined 
during exercise protocols (Campbell-Burk et al. 1987; Rees et al. 1989; Le 
Rumeur et al. 1992; Goudemant et al. 1997). In human brain it seems that
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the flux through the CK reaction correlates with the activity of the human 
brain after a stimulus (Chen et al. 1997).
31From P MR spectra of skeletal muscle, changes in PCr, ATP, Pi 
and PME levels and pH are directly available. With this information further 
quantitative biochemical data can be derived, provided the assumptions 
made to calculate this data hold true. For example from the PCr/ATP ratio 
and the pH value the global free muscular ADP content can be calculated 
using the equilibrium equation derived from the creatine kinase reaction. The 
level of free ADP in the muscle cell is too low to be approached
31experimentally by direct P MR measurements. The calculation gives a valid 
indirect assessment, but the method requires the creatine kinase reaction to 
be in equilibrium and that the equilibrium constant is known and constant. 
Fortunately, there is good evidence that in skeletal muscle the creatine 
kinase reaction is in equilibrium (Rees et al. 1989). ADP levels calculated in 
this way result in much lower values than those derived by chemical methods 
after freeze clamping, which difference makes sense as in the latter methods 
the total ADP levels (free and bound) are obtained.
31The change in P MR detectable metabolite levels can also be used 
for quantitative studies of the kinetics of energy metabolism in vivo. In this 
manner one can obtain reliable estimates of the rates of aerobic and 
anaerobic ATP synthesis and of the influence of metabolic control. Kemp 
(Kemp and Radda 1994) has presented a comprehensive method for the
31quantitative interpretation of P MR spectra of skeletal muscle obtained 
before, during and after several types of muscle exercise. With this method it 
is possible to estimate rates of glycogenolytic and aerobic ATP synthesis 
during exercise, as well as the magnitude of oxidative ATP synthesis and 
proton efflux during recovery after exercise. An improved method to assess 
ADP recovery after exercise has been reported recently (Chen et al. 1999). 
Results from MRS studies of human skeletal muscle have also been 
interpreted in terms of metabolic control analysis (Jeneson et al. 1995; 
Shulman et al. 1995).
31P MR skeletal muscle spectroscopy has been applied to 
characterize various conditions of human, rat and mouse skeletal muscle 
energy metabolism under various conditions such as diseased muscle, 
injured muscle, fatigued muscle, adaptations, etc (for example (Ross et al. 
1981; Duboc et al. 1987; Degroot et al. 1993; Cozzone and Bendahan 1994; 
Radda et al. 1995) and to study the function of the PCr-CK system in vivo 
under various experimental conditions (for example see (Meyer et al. 1984; 
Shoubridge et al. 1984; Shoubridge and Radda 1984; Shoubridge et al. 
1985; Meyer 1989; lotti et al. 1991; lotti et al. 1991; Le Rumeur et al. 1992; 
Quistorff et al. 1992; lotti et al. 1993; Kemp et al. 1993; van Deursen et al. 
1993; van Deursen et al. 1994; van Deursen et al. 1994a; Kemp et al. 1996; 
Steeghs et al. 1997; Steeghs et al. 1998))
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31P MR spectroscopy has been much less applied to brain than to 
skeletal muscle. The applications involve studying the energetic metabolic 
status of the tissue during hypoxic / ischemic conditions in animal brain (Cox 
et al. 1983; Prichard et al. 1983; Kopp et al. 1984; Suzuki et al. 1992; Macri 
et al. 1995; Pierard et al. 1995; Buck et al. 1998; Holtzman et al. 1998), 
monitoring energy levels during brain activation (Chen et al. 1997), 
characterizing tumor metabolism and following the response to treatment of 
the tumor (Zaner and Damadian 1977; Kato et al. 1987; Remy et al. 1987; 
Thomsen et al. 1988; Sutton et al. 1990; Taylor et al. 1991; Kristjansen et al. 
1992).
1.6.2 Proton MR spectroscopy of muscle and brain
Technical aspects
The most sensitive MR nucleus is the proton, occurring in hydrogen 
atoms. The strong signals arising from the protons of lipids and abundant 
water in living tissue are used to obtain MR images. MR spectroscopy has its 
strength in observing the metabolites that, however, are a factor 1000­
100000 less in concentration than water. To be able to observe the proton 
MR spectroscopic metabolites of interest, the water, and sometimes the lipid 
signal, have to be suppressed. One reason for doing this is that the dynamic 
range of the equipment used is mostly not good enough, to acquire the 
unsuppressed water signal and the metabolites simultaneously. Another 
reason for suppressing the water signal is the influence of occasionally 
occurring artefactual side lobes of the water signal, which can disturb the 
whole spectral region in which the interesting metabolites resonate. Critical in 
the resolution of the H MR spectra is the homogeneity of the magnetic field. 
It not only determines the lower limit of the spectral resolution, but also 
makes the water suppression better, thus minimizing the distortion of the 
baseline. Good quality of the shim is easier available in small volumes than 
in larger volumes.
The first localized spectroscopy sequences were single voxel 
techniques, like STEAM (Frahm et al. 1987; Bruhn et al. 1991) and PRESS 
(Ordidge et al. 1985; Bottomley 1987), developed with the advantage of 
being able to get an excellent homogeneity of the magnetic field in small 
volumes. Chemical-shift-imaging or spectroscopic imaging techniques 
(Brown et al. 1982; Maudsley et al. 1983) are useful to cover a larger area of 
interest. They provide information from many regions simultaneously by 
dividing a larger volume into a grid of smaller voxels from which separate 
spectra are recorded.
The resolution of a spectrum depends on the field strength. 
However, due to stronger susceptibility effects, shimming a volume at high 
field is more difficult than at lower field. The advantage of higher field
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strengths may be lost due to the inability to shim well. This is one of the 
major reasons that spectroscopic imaging techniques are not (widely) used 
yet at higher fields (> 7T)
The large number of metabolites observable in H MR spectroscopy 
in a relatively narrow chemical shift range leads to the problem of spectral 
overlap. One way to simplify the spectral patterns is the acquisition at longer 
echo times. Due to J-coupling effects in metabolites like glutamate, 
glutamine, the signal intensities of these complex resonance patterns 
decrease fast compared to uncoupled resonances like creatine, NAA and 
choline. Components with very short T2 values like lipids, are also strongly 
attenuated at longer echo times. This may help to resolve also the lactate 
signal appearing at the resonance position for protons of lipids. If lactate is 
the metabolite of choice to observe, the echo time used is essential, since 
signals of J-coupled metabolites, like those of the methyl group of lactate 
show phase modulation as a function of the echo time. The lactate methyl 
doublet appears inverted at certain echo times, while the signal returns 
upright at later echo times (see for example Gadian (Gadian 1995)).
Using a single voxel technique like STEAM, Gruetter et al. have 
shown that the resolution of H MR brain spectra improves dramatically when 
the shimming is improved (Gruetter et al. 1998). Complex coupled signals 
can be resolved and quantified. Pfeuffer et al. were able to observe and 
quantify 18 metabolites in the proton spectrum of the rat brain at 9.4T 
(Pfeuffer et al. 1999). With the information of all these metabolites, MR is 
more powerful in identifying metabolic abnormalities.
Information content of brain proton MR spectra
The first H MR spectra of intact animals were recorded from the 
brain of anesthetized rats by Behar et al. (Behar et al. 1983). In these spectra 
H MR signals of creatine/phosphocreatine, N-acetyl-aspartic acid (NAA), 
choline containing compounds were visible and reversible changes in the 
lactate concentration under normoxic and hypoxic conditions could be 
observed. An example of a proton spectrum of the mouse brain obtained at 
7T is shown in figure 1.7. This figure shows the complexity of the H MR 
brain spectrum. This spectrum exhibits signals of metabolites like 
creatine/phosphocreatine, NAA, glutamine, glutamate and choline. The 
tissue levels of these metabolites have proven to be interesting parameters 
in identifying tumor tissue, genetic defects in metabolic pathways and 
specific metabolic brain diseases such as Alzheimer, epilepsy, stroke and 
Parkinson.
The high sensitivity of H MR spectroscopy allows the acquisition of 
signals arising from much smaller volumes compared to voxels studied by
31P MR spectroscopy (factor 2-3). The advantage of small volumes is that 
metabolic information becomes available of one muscle type or one specific
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Figure 1.7: Proton MR spectrum of the in vivo mouse brain from a volume of 4 )  localized 
mainly in the cortex and acquired in 40 minutes at a field strenght of 7T. Resonances 
labeled are N-acetyl-aspartic acid (NAA), glutamate (Glu), glutamine (Gln), 
phosphocreatine /  creatine (PCr/Cr), glycerophosphorylcholine /  phosphorylcholine 
(GPC+PC), taurine (Tau), inositol (Ins), glutamate/glutamine (Glx).
area of the brain. At the same time the volume can be chosen in such a way 
that contamination from subcutaneous fat is minimal. Low lipid signals in the 
proton spectrum make the observation of lactate possible. The selection of 
no lipid layers or bone also reduces susceptibility effects generated at bone- 
tissue or air-tissue interfaces.
A disadvantage of single voxel techniques is that the MR-operator 
already should know where to position the selected volume in the brain. In 
the case of a well-defined lesion, already visible using MR imaging 
techniques or general pathology, this is quite straightforward. For example a 
spectrum of a tumor can be obtained to further understand or identify tumor 
types. However, if spectroscopy is used as a diagnostic tool to find tumor 
tissue, the choice of the position of the volume is less clear and often the 
tumor tissue is missed. Chemical-shift-imaging or spectroscopic imaging 
techniques (Brown et al. 1982; Maudsley et al. 1983) are for that reason 
useful to cover a larger area of interest and provides information from many 
regions simultaneously. From the change in the spectral pattern of 
neighboring voxels, it is possible to identify regions of normal and abnormal 
tissue. Metabolic maps can be made showing the distribution of a metabolite 
over a large volume.
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Information content of skeletal muscle proton MR spectroscopy
From a historical perspective, MR of skeletal muscle is used to study
31bioenergetics which has been stimulated by the fact that P MR 
spectroscopy offers a direct and easy readout of some relevant bioenergetic 
parameters. The H MR spectrum of the mouse muscle contains fewer 
resonances compared to brain spectra. Metabolites routinely detectable are 
creatine, choline, taurine and water and fat signals.
The signal intensity of taurine in proton MR spectra of mice seems to 
be correlated with the stage of regeneration after muscle damage in MDX 
mice (McIntosh et al. 1998). However, the real function of taurine, apart from 
being an osmolyte (Lang et al. 1998), is not clear yet. Another metabolite of 
great interest in bioenergetics of skeletal muscle is lactate. The increase in 
lactate levels during exercise can be followed, but the resonance peak for 
this metabolite is often masked by the lipid signals. Special editing 
sequences are necessary to uncover the lactate peaks (see for example 
Gadian (Gadian 1995)).
Recently, the interest for proton MR spectroscopy of skeletal muscle 
gained new momentum. Susceptibility effects induced by the transition of 
muscle tissue to the extracellular lipid layers and the high degree of structure 
in muscle create the possibility to distinguish these lipid layers from the 
metabolically highly active intracellular lipids (Boesch et al. 1997). This 
makes it feasible to study the use and regeneration of these lipids during 
exercise and recovery thereof.
Kreis et al. showed for the first time in vivo that the signal of the 
methylene group of creatine splits into a doublet (Kreis and Boesch 1994; 
Kreis et al. 1997). They showed that this splitting was due to dipole-dipole 
interaction, meaning that creatine does not tumble isotropically (Kreis and 
Boesch 1996). The orientation dependent effect is, however, small (»20Hz) 
compared to solid state conditions (> 20000Hz). The signal intensity of this 
split creatine resonance disappeared during exercise in human skeletal 
muscle (Kreis et al. 1999) and in rat skeletal muscle in the postmortem stage 
(Ntziachristos et al. 1997). These results suggested that this resonance 
represents phosphocreatine rather than the total creatine pool. Although the 
mechanisms causing this effect were not known, the idea of being able to 
measure creatine and phosphocreatine levels using proton MR spectroscopy 
would provide another method to study the depletion of phosphocreatine 
during exercise. At the same time, other groups claimed to observe pools of 
bound creatine based on off-resonance magnetization transfer effects 
(Dreher et al. 1994; Kreis and Boesch 1998; Coutts et al. 1999; Kruiskamp 
and Nicolay 1999). These experiments could have major consequence for 
the calculation of ADP levels based on the creatine kinase reaction being in 
equilibrium and free creatine levels.
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1.7 Outline of this thesis
The technique of gene knockout provides models to study selectively 
the possible role of an enzyme in vivo. The enzymes focussed on in this 
thesis, isoforms of creatine kinase, are elements in an entire metabolic 
network. It is important to evaluate the whole framework in which the enzyme 
is active to characterize the phenotype of knockouts. If, however, no 
phenotype is found, one can still not conclude that this enzyme is not 
important. Cells are robust systems, which can compensate for the absence 
of important genes. The search for these adaptations will reveal the 
mechanism in which the gene targeted is part of. Moreover, if experiments 
are carried out, aimed in influencing these adaptations by blocking these 
specific pathways, a significant effect on the phenotype might be found 
(Bailey 1999; Bowden 1999).
In vivo MR spectroscopy offers metabolic and physiological 
information at tissue level. Because of the small anatomical dimension of the 
mouse, in vivo MR measurements are complicated. As at the beginning of 
these thesis studies, no standard coils or mechanical framework were 
available, a lot of time has been invested in optimizing the MR experiments 
on mouse muscle and brain. The rationale of the choice for a certain coil and 
mechanical framework is discussed in chapter 2.
Despite the characterization of the phenotype of mice lacking one or 
two isoforms of creatine kinase, little direct evidence had been obtained 
about the physiological importance of the PCr-CK system during strenuous 
conditions. A proper comparison of metabolic performance in various CK 
mutants by muscle stimulation may be complicated as differences in Ca2+ 
homeostasis may result in an altered recruitment of fibers (de Haan et al. 
1989). For that reason we have selected reversible ischemia as a more 
reliable and easily interpretable method for metabolic challenging. Under 
ischemic conditions oxidative phosphorylation is shut down, and tissue 
acidification occurs by lactate production via anaerobic glycolysis /
31glycogenolysis and by ATP hydrolysis. The results of this dynamic P MR 
spectroscopy study on the skeletal muscle of CK deficient mice are 
described in chapter 3.
One aspect of mice completely deficient in CK in the skeletal muscle 
is the appearance of PCr in the muscle. One of the explanations put forward 
is that this PCr is a consequence of postnatal development (Steeghs et al. 
1997), during which large amounts of B-CK are available (Hall and DeLuca 
1975). To investigate this aspect a postnatal development study has been
31carried out, in which P MR spectra from CK deficient mice and control mice 
were acquired (chapter 4). In order to determine if phosphorylation of Cr
13occurs at a longer time scale, C labeled creatine was used to follow the 
uptake and the possible phosphorylation of creatine in skeletal muscle of
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13mice lacking CK and in control mice using C MR spectroscopy (chapter 4). 
The experiments designed for this purpose also revealed interesting aspects 
about the relation between phosphocreatine and creatine, and creatine 
kinase activity, and about the visibility of the creatine resonance in MR 
spectra
Visibility aspects also play an important role in proton MR studies on 
skeletal muscle, like the disappearance of the signal intensity of the 
methylene resonance of creatine during exercise in human skeletal muscle 
(Kreis et al. 1999) and in the postmortem period in rat skeletal muscle 
(Ntziachristos et al. 1997). One mechanism that explains this phenomena 
involves creatine kinase (Kreis and Boesch 1996; Kreis et al. 1997; Kreis et 
al. 1999). Localized H MR spectroscopy experiments in mouse skeletal 
muscle with and without creatine kinase give some answers to this 
phenomenon (chapter 5).
The remaining two chapters focus on the most recent creatine 
kinase knockout mouse model: mice lacking the cytosolic brain specific 
isoform of CK (B-CK), the mitochondrial isoform of CK in brain (UbCKmit) or 
both. Chapter 6 describes the phenotype of these mice studied by
31histochemistry, behaviorial analysis and localized P MR spectroscopy.
31Brain specific P MR detectable metabolites are measured. Further the 
activity of the CK reaction is visualized in mice lacking the B-CK isoform and 
control mice using the selective saturation transfer technique.
1 31Finally, using localized H and P MR spectroscopy absolute levels 
of brain metabolites are determined for the different mouse mutants. These 
data provide, for the first time, in vivo mouse brain tissue levels for these 
metabolites. The influence of the genetic background of these mice on the 
MR spectroscopy data is described. High-resolution MR images have been 
acquired to reveal differences in gross brain anatomy in mice with a different 
genetic background and in mice lacking one or both isoforms of brain 
specific creatine kinase (chapter 7).
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Introduction
Mouse models are becoming increasingly popular for biomedical 
investigations, including the use of MR. Due to the geometrical dimensions 
of the mouse, small volumes have to be selected to get metabolic or 
morphological information out of a specific tissue, like brain or skeletal 
muscle. The measurement of spectra from these small volumes requires 
specific optimization of hardware, different from that often used to study 
humans and rats by MR spectroscopy. Stronger magnetic field strengths and 
gradients systems might be of help. The sensitivity of the MR-experiment 
can be enhanced using optimized RF coils and by minimizing interference 
from sources located outside the magnet. Another (potential) problem when 
measuring on the millimeter scale is motion, which can be minimized by 
optimizing the mechanical setup and to anaesthetize the mouse. As a 
consequence, the physiological condition of the mouse has to be monitored. 
This chapter will give an overview of the different setups developed in our 
laboratory in order to perform proton, carbon and phosphorous MR 
spectroscopy on the brain and skeletal muscle of the mouse in a magnet at 
a field strength of 7T.
Standard setup
All the coils are mounted in a standard frame of perspex with copper 
disks mounted at both ends to close the Faraday cage. Tune and match 
sticks and cables can be put through tubes mounted in these disks. In the 
middle of the perspex frames, a construction can be installed containing the 
RF coil for MR. In this manner RF-coils can be changed within 10 minutes 
without needing a separate (and expensive) frame for every coil. The 
perspex frame is kept half open in the middle to allow easy access to the coil 
and the animal.
Many MR spectroscopy experiments last more than 2 hours, but 
occasionally can take up to 6 hours. An easy way to keep the mouse under 
anesthesia for such a long time period, is the use of inhalation anesthetics. 
In our setup, a gas mixture of isoflurane, oxygen and nitrogen is used. This 
mixture is continuously monitored using a gasanalyser. The animal is kept 
warm using a warm water circuit and the rectal temperature of the animal is 
monitored using a fluoroptic thermometer. This thermometer is connected to 
a computer using a RS232 port, which allows the display of the temperature 
of the animal as a function of time graphically. Breathing of the animal is 
guarded using an optical respiratory gating apparatus (Sirecust 401, 
Siemens). Parameters available are the amplitude and the frequency of the 
respiration. With this information tiny adjustments in the percentage
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tube for anesthetics and the plastic tubes containing warm water to keep the mouse at the 
right temperature. This RF-containing component is part of the plastic probe (middle 
figure), which is inserted into the magnet (top figure). The iron shielding around the 
cryostat and the copper shielding at the end of the bore and around the preamplifier 
assures minimal interference.
isoflurane in the gasmixture can be done, which proved to be necessary 
when the animal is under anesthesia for a long time (> 2 hours).
RF-shielding
An aluminium cage is connected to the rear side of the aluminium 
frame of the cryostat. All shim and gradient cables enter this cage trough low 
pass n-filters (Young 1988) with cut off frequencies of about 1 MHz 
(S.M.I.S). The gradient coil (Magnex) enters the magnet from the rear side 
and its conductive extension is fixed to the aluminium mechanics of the 
cryostat. At the front side of the magnet the same kind of cage is mounted. 
These extensions couple capacitively with the 6 cm long copper disks at 
both ends of the probe tube that close the Faraday cage (see figure 2.1). 
The RF-signal from and to the RF coils enters through standard SMA 
connectors (Suhner). All non-conductive materials, like tuning sticks, warm 
water and gas hoses, glass fibers, are fed through relatively long conductive 
tubes. If the length and the diameter of such a tube is chosen carefully, the 
tube acts as a waveguide with a typical high-pass filter behavior (Young
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1988). These tubes acting as waveguides are positioned at both side of the 
probe to make it possible to actively remove gasses. This prevents a local 
increase in concentration from anesthetics or carbonmonoxide.
The transmit/receive switches and small band pre-amplifiers, placed 
in an aluminium cabinet, are situated at the left side of the passively shielded 
magnet at a distance of approximately 1 meter from the probe-connector. A 
double shielded coaxial cable of this length still does not suppress 
environmental interference enough. Therefore, at the front side of the 
magnet and the cabinet, an extension with copper plate boxes is placed (see 
figure 2.1). A copper tube where the coaxial cable is guided through 
interconnects these boxes. After tuning, matching and selecting the desired 
RF path, the boxes are closed to create a Faraday cage.
General coil design
MR spectroscopy experiments can be carried out for different nuclei, 
which makes it a powerful and attractive tool to study metabolism. If, 
however, nuclei other than protons are considered, the RF-coil should 
operate both at the frequency of protons and at the nucleus of interest. The 
reasoning behind this is that optimization of the homogeneity of the magnetic 
field (shimming) is mostly done in vivo using the signal of water protons. The 
concentration of water is high and provides a strong signal.
In general, additional losses due to, and the noise coupling from the 
other nucleus coil should always be minimized since it degrades the 
performance of the RF-coil. Therefore for every nucleus another RF-coil is 
designed. A high signal to noise ratio (SNR) will be obtained when the main 
RF-coil is closely positioned to the object to be measured. The coil is made 
resonant and balanced at the desired frequency by using fixed capacitors 
(American Technical Ceramics) inside the coil loop. The fine adjustment of 
the resonance frequency and the matching to 50 Q is done by small, variable 
capacitors (Voltronics) positioned to the coil as near as possible to minimize 
feed losses. Extended tuning sticks are used to tune and match the coil 
when it is inside the magnet.
An optional second coil is designed to have an orthogonal RF field 
with respect to the first coil and the main magnetic field. This coil is tuned to 
the H frequency and can therefore be used for shimming, localizing and 
decoupling without any practical interference with the main coil.
The radiation loss is minimal since the designed coils are relatively 
small (Jackson 1962). Therefore it is not necessary to use a closely 
positioned RF screen to suppress signals arising from other tissue. If, 
however, such a RF screen is needed, the screen is slit and closed by a 
relatively large capacitance for RF to minimize eddy current effects.
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31 P MR spectroscopy on the mouse hind limb
In most experiments, the mouse leg is placed in a vertical position as 
is shown in figure 2.2. This is the most natural position to situate the mouse 
in the coil. To create the highest sensitivity combined with a homogenous B1- 
field, a three turn solenoid coil with a diameter of 8 mm is used. Outside this 
solenoid coil, an Alderman-Grant type of coil is placed for shimming only 
(see figure 2.2) A minimum distance of 5 mm is maintained to prevent 
coupling between the proton and phosphorous coil. In addition, a copper 
plate is used to prevent undesirable signals arising from the body of the 
mouse in stead of the muscles of its hindleg. Ischemia can be applied to the 
hindleg with a diaphragm plate. The position of plate can be manipulated 
from outside the magnet. The force in which the plates push is calibrated at 
5 Newton and proves to be the force to make the hindleg ischemic without 
damaging the muscle tissue. To minimize the displacement of the hindleg, 
the force is applied from two sites simultaneously. Otherwise, the quality of 
the shimming and the quality of the tuning of the coil may decrease 
dramatically.
Monitoring breathing
Figure 2.2: Positioning of the mouse on the coil. The hindleg is positioned in the solenoid 
coil and the foot is fixed using some tape. The mouse is kept under anesthesia, while the 
temperature and the respiration are monitored. A copper plate prevents the acquisition of 
signals arising from the whole mouse in stead of the skeletal muscle of the hindleg. A 
diaphragm plate can be used to apply ischemia on the hindleg.
1H decoupled 13C MR spectroscopy on mouse hind limb
13For the C-MR experiments, the same coil setup is used as
31 13described above for P-MR spectroscopy. Since the MR frequency of C 
(76 MHz) is lower than that of 31P (122 MHz), an additional turn on the 
solenoid is possible, resulting in a slightly better quality (Q) factor of the
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13resonator. During reception of the C-MR signal, RF power is transmitted at 
the proton frequency (300 MHz) (decoupling). During this period, the 
amplifier is not blanked and therefore a tremendous noise level is induced,
13even around the C MR frequency. This additional noise has to be 
minimized to allow proper acquisition. The first step is to minimize the 
electromagnetic coupling between the two coils. An Alderman Grant type of 
coil is used (Alderman and Grant 1979), which has an orthogonal RF field in 
respect with the solenoid coil and leads to a coupling of -40dB. The coaxial
1 13cable to the H coil is not matched to 50 Q at the C MR frequency.
13 13Therefore, the cable also acts as a transmitter for C RF-noise. This C RF- 
noise is filtered by a home-built 7-pole Chebyshev-filter through the RF 
screen with a cutoff frequency of 235 MHz. The home-built small-band 
preamplifier is designed for low power levels only. During reception of the
13 1C MR signal, too much RF power at the H frequency will enter into the 
preamplifier and degrades the performance of the amplifier. A high-order 
low-pass filter (Trilithic) with a cutoff frequency of 88MHz is used to 
terminate this power. All of this together leads to an additional noise level of 
less than 5% due to the H-decoupling.
'H MR of mouse skeletal muscle
The coil construction depicted in figure 2.2 is not suitable to achieve 
the desired quality for localized proton MR spectroscopy of the mouse 
muscle. The distance between the Alderman-Grant coil and the mouse leg is 
too large. For that reason a smaller, anatomically shaped Alderman-Grant 
type of coil is constructed (see figure 2.3). This coil has the advantage that 
the angle of the coil and the mouse leg with respect to the main magnetic 
field can be changed, without paying to much penalty with respect to the
No
1 15mm
2 18mm
3 13mm
B
Variable tuning capacitor 
Variable matching capacitor 
Tuning capacitor
Figure 2.3: The construction of the 1H coil. The coil is balanced by a fixed tuning capacitor. 
Fine tuning and matching is done by variable capacitors.
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Figure 2.4: Perspex construction that provides the possibility to change the angel of the 
coil and the leg with respect to the main magnetic field direction. The desired angle of the 
coil is fixed with plastic screws. I f  the angle of the leg changes much (>40°), the height of 
the whole setting is changed to position the center of the coil in the center of the magnetic 
field for optimal homogeneity.
signal to noise ratio. This proved to be very useful in studies where it is 
desirable to change the angle of the leg with respect to B0 (figure 2.4). Since 
the coil is mainly polarized in the x-direction, a rotation of the coil around this 
axis only results in a small signal loss. Finite element analyses based on the 
Maxwell equations indicate that the signal loss is less than 3% (Maxwell 
software by Ansoft). Localized H MR spectroscopy requires large switching 
gradient fields, which can cause eddy-current artifacts. The end rings of the 
coil are therefore opened for those eddy-currents by relative large 
capacitances (470 pF) which are closed for RF. When the angle of the coil 
is fixed at larger angles (>40°), the height of the whole insert is adjusted in 
order to put the center of the coil in the center of the magnetic field for an 
optimal homogeneity of the magnetic field.
31 P MR spectroscopy of the mouse brain
31In order to measure P-MR detectable metabolites in the mouse 
brain, most of the time a surface coil is used (see for example (Holtzman et 
al. 1989; Holtzman et al. 1997)).The advantage of this concept is a simple 
coil design combined with a high sensitivity close to the coil. Localization is 
achieved due to the limited penetration depth of the RF-field of a surface 
coil. To avoid unwanted signal contributions of the skin and underlying
31muscle tissue containing significant amounts of P-MR detectable 
metabolites, the skin is often removed. This invasive operation makes 
longitudinal studies problematic. In studies on genetic altered mice, it might 
be even unwanted to sacrifice the animal, if further studies on the same 
animal have to be performed and/or if due to certain phenotypic 
consequences of a genetic lesion, only a small number of animals are 
available. This is one of the main reasons to develop a technique to perform
31 P-MR in a complete non-invasive manner. As a consequence a gradient 
localization scheme is needed. This demands for the RF-setup a 1H-coil for
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31shimming and imaging and a P-coil with enough RF penetration depth to 
cover the whole brain. The probe housing should also contain the setup to 
keep the mouse under anesthesia, to monitor the condition of the mouse 
and should be able to fix the mouse to prevent motion artifacts. The 
challenge is to realize this setup on the small scale needed for the mouse 
brain.
Preliminary experiments with a surface coil revealed that the signal
31to noise ratio of the P MR spectra was not satisfactory. A way to improve 
the signal to noise ratio is the concept of quadrature transmission and 
reception of the RF signal. It will make the transmission of RF-power more 
efficient during transmission and increases the signal to noise ratio during 
reception.
When an oscillating RF-field is applied at for example at the x-axis, 
the magnitude of the oscillating B1-field varies in amplitude. It is 
straightforward to show that the efficiency is then
n/4
J cose d0 = ^V2 «(70%),
0
The efficiency can be increased using two perpendicular (or quadrature) 
coils, each fed with alternating currents 90 degrees out of phase. The 
magnitude of the B1-field applied, will be constant and its direction 
precesses. If the precession direction is clockwise, like the movement of the 
effective B-field, the applied B1-field is always parallel to Beff and the 
efficiency will be 100%. During reception, the addition of the two signals after 
phase matching will result in signal enhancement of a factor of 2. The 
inductive coupling between the two coils is zero since the fields are 
orthogonal. In this situation the noise from these coils is not correlated. This 
results in a noise enhancement of only a factor V2. Effectively, the signal to 
noise ratio will therefore increase by a factor of 2Ñ2 = V2. The 90° phase 
shifting during both transmission as reception is realized by a narrow-band 
quadrature-hybrid (Chen and Hoult 1989).
In our setup, the combination of two slightly overlapping 16 mm 
surface coils was chosen. Both surface coils were anatomically shaped to fit 
as closely as possible to the brain (Klomp et al. 1999). This complete 
configuration is then shifted inside a cylindrical H MR volume coil, based on 
the Alderman-Grant concept (Alderman and Grant 1979). To maintain 
sufficient image quality for good localization, this coil has a diameter of only 
33 mm. For additional stereotactic fixation perspex earbars were used (see 
figure 2.5).
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Alderman-Grant coil
. Tune/match 
sticks
Perspex eaitac 3 1 ^  qUadratUre warm water circuit 
coil
Figure 2.5: Mechanical and electronical setup to perform localized 31P MR spectroscopy on 
the mouse brain. The mouse with the quadrature coil around the ears is shifted into the 
Alderman-Grant coil and kept under anesthesia using isoflorane. The two 31P quadrature 
coils and the proton coil yields 6 tuning/matching sticks.
Mouse brain proton MR
For a high 1H MR sensitivity a surface coil was used with an elliptical 
shape (15 mm by 11 mm) optimized for the geometry of the mouse brain. 
For additional stereotactic fixation perspex earbars were used. The 
mechanical setup was essentially the same as described for the localized 
31P MR experiments (figure 2.5).
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Abstract
The aim of this study was to provide in-vivo experimental evidence for the 
proposed biological significance of the creatine kinase (CK)/ 
phosphocreatine (PCr) system in the energy metabolism of skeletal muscle. 
As a test system we compared hindlimb muscle of knockout mice lacking 
either the cytosolic M-type (M-CK-/_),the mitochondrial ScMit-type 
(ScCKmit-/_), or both creatine kinase isoenzymes (M-CK/ScCKmit / ), and
31in vivo P-MR was used to monitor metabolic responses during and after an 
ischemic period. Although single mutants show some subtle specific 
abnormalities, in general their metabolic responses appear similar to wild 
type, in contrast to M-CK/ScCKmit / double mutants. This implicates that 
presence of one CK isoform is both necessary and sufficient for the system 
to be functional in meeting ischemic stress conditions. The global ATP 
buffering role of the CK/PCr system became apparent in a 30% decline of 
ATP in the M-CK/ScCKmit / mice during ischemia. Both M-CK-/_ and M- 
CK/ScCKmit / showed increased phosphomonester levels during 
ischemia, most likely reflecting adaptation to a more efficient utilization of 
glycogenolysis. While in M-CK-/-- muscle PCr can still be hydrolyzed to 
provide Pi for this process, in M-CK/ScCKmit / muscle only Pi from ATP 
breakdown is available and Pi levels increase much more slowly. The 
experiments also uncovered that the system plays a role in maintaining pH 
levels; the M-CK/ScCKmit / mice showed a faster and more pronounced 
acidification (pH=6.6) than muscles of wild type and single knock-out mutants 
(pH=6.9).
56
Effects of Ischemia on Skeletal Muscle Energy Metabolism in Mice Lacking Creatine Kinase
Introduction
Creatine kinases (CKs; EC 2.7.3.2) form a small family of 
isoenzymes which catalyze the reaction: creatine (Cr) + MgATP2- <> 
phosphocreatine (PCr2-) + MgADP- + H+. They are considered to play a key 
role in the energetics of excitable tissues, such as muscle, by keeping 
ATP/ADP ratios balanced and the ATP pool highly charged (Wallimann et al. 
1992). It has been proposed that, other than forming a spatial and temporal 
energy buffer, the CK circuit may act as an intracellular regulator of pH; 
hydrolysis of ATP produces protons which are consumed in the CK reaction 
(Meyer et al. 1984). A further consequence of the CK reaction and ATP 
hydrolysis is the net production of inorganic phosphate (Pi). Pi levels regulate 
glycogenolysis and/or glycolysis since these pathways require inorganic 
phosphate for their activiation (Davuluri et al. 1981).
Although the PCr/CK system has been studied in much detail, there 
is little direct evidence for the significance of these different functions in 
whole animals. Functional studies mostly involved feeding of creatine 
analogues as a tool to modify the system directly (Chevli and Fitch 1979; 
Shoubridge et al. 1985; Meyer et al. 1986). However, this approach has 
some particular limitations (Wyss and Wallimann 1994).
To study the links between the PCr/CK-system and energy 
metabolism, and its overall physiological significance in more detail, our 
group has generated mice with single and combined null mutations in the 
cytosolic muscle specific and/or mitochondrial sarcomeric CK gene (van 
Deursen and Wieringa 1992; van Deursen et al. 1993; Steeghs et al. 1997;
31Steeghs et al. 1997). P-MR and electrophysiological stimulation 
experiments showed that mice with either M-CK (M-CK-/_) or ScCKmit 
(ScCKmit-/-) deficiency are able to hydrolyze and produce PCr in a similar 
way as wild type mice do. This means that the CK reaction can be reversibly 
channeled through either the cytosolic or the mitochondrial compartment in 
case the other compartment is blocked. In contrast, mice completely lacking 
all CK activity (M-CK/ScCKmit / ) are not able to hydrolyze PCr despite the 
fact that a substantial amount of this compound is still present (Steeghs et al. 
1997). Stimulating the skeletal muscle up to 5 Hz did not reveal major 
problems in maintaining ATP levels for these mutants. Still, when the 
contractile characteristics of M-CK-/- and M-CK/ScCKmit / muscles were 
determined these proved unable to sustain force to a similar level as in wild 
type and ScCKmit-/- mice (van Deursen et al. 1993; van Deursen et al. 
1994a; Steeghs et al. 1997). Many of these effects can be attributed - in 
whole or in part - to altered Ca2+ homeostasis as demonstrated in cultured 
myotubes in vitro (Steeghs et al. 1997).
Although these studies have identified key aspects of the 
significance of muscular CK isoforms in the intact animal, the physiological
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importance of some of the proposed functions described above remains 
unclear and these have not been tested yet with CK deficient mice. The main 
purpose of this study was to uncover whether the PCr/CK system indeed 
serves to perform these functions in vivo in skeletal muscle.
A proper comparison of metabolic performance in various CK 
mutants by muscle stimulation may be complicated as differences in Ca2+ 
homeostasis may result in an altered recruitment of fibers (de Haan et al.
1989). For that reason we have first selected reversible ischemia as a more 
reliable and easily interpretable method for metabolic challenging. Under 
ischemic conditions oxidative phosphorylation is shut down, and tissue 
acidification occurs by lactate production via anaerobic glycolysis / 
glycogenolysis and by ATP hydrolysis (Hochachka and Mommsen 1983). 
This study not only demonstrated functional losses as a consequence of CK 
deletion but also pointed to developmental metabolic adaptations; an 
apparent attempt to compensate for these losses.
Experimental Procedures
Animals
Adult mice, of age to 13-18 weeks, both males and females, with a 
body weight between 20-25 gram were used. The following mice mutants 
were investigated: cytosolic M-CK gene knock-out (M-CK-/-) (van Deursen et 
al. 1993) (n=6), mitochondrial sarcomeric CK gene knock-out (ScCKmit-/-) 
(Steeghs et al. 1997) (n=6) and animals with a complete deficiency of 
muscle-specific CKs (M-CK/ScCKmit / ) (Steeghs et al. 1997) (n=6). Wild 
type mice (strain C57Bl/6) (n=6) served as controls. Details on the genetic 
background and generation of these animals have been published (van 
Deursen and Wieringa 1992; Steeghs et al. 1997; Steeghs et al. 1997).
31 P-MR spectroscopy and experimental protocol
Mice were anaesthetized with 1.5% enflurane in a gas mixture of 
30% 0 2/70% N20  delivered through a face mask. During the measurement 
the rectal temperature was monitored (Hewlet Packard: 78201b) and 
maintained at 36.5 ± 1°C. MR spectra were recorded on a S.M.I.S. 
spectrometer equipped with a vertical bore 4.3 T magnet operating at 72.918
31 1 31MHz for P-MR. The probe contained a three-turn copper wire H/ P double 
tuned solenoid coil with an inner diameter of 8 mm and a height of 6 mm. 
The MR probe was provided with a diaphragm plate, which allows reversible 
and reproducible occlusion of the hind limb to make the skeletal muscle 
ischemic. The occlusion was applied by pulling with a weight of 0.5 kg. To 
monitor the effects of ischemia the enzyme activities of lactate
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dehydrogenase, alanine amino transferase and aspartate amino transferase 
were determined in the blood plasma, before and at 5 and 60 minutes after 
the ischemic period. As these enzyme levels did not show a significant 
difference before and after ischemia, both for wild type and M- 
CK/ScCKmit / mice, we conclude that our procedure did not result in major 
tissue damage involving cell lysis. The homogeneity of the magnetic field 
was optimized using the proton signal from muscle water resulting in a line 
width of 40-80 Hz. Phosphorus MR spectra were obtained from hind limb 
skeletal muscle by applying 30 |js radiofrequency (RF) pulses with a 
repetition time of 1750 ms at the Ernst-Angle, calculated from the T1 of PCr. 
Seventy-six scans were used for one spectrum resulting in a time resolution 
of 136 seconds per spectrum. The first two spectra were used as a 
reference, then 11 spectra were recorded in the ischemic period (25 minutes) 
followed by monitoring the recovery period for 16 minutes (7 spectra). The 
recovery period was extended to 39 minutes (17 spectra) in studies with the 
CK-/- mice. CK-/--mice (n=2) were also examined 24 hours after the ischemic 
period.
Data analysis
31Signals in P MR spectra were quantitated by iterative fitting of the 
time domain signal with the variable projection method (VARPRO) and with 
prior knowledge for the ATP-multiplets (Van der Veen et al. 1988; van den 
Boogaart et al. 1995) using MRUI software (version 96.3). All the peak areas 
were obtained by fitting the spectral lines to Gaussian line shapes. The ATP 
content was determined as the average of the y-, ß- and aATP signal 
intensities. Since a repetition time of 1750 ms results in partly saturated 
phosphate spin systems, signal intensities were corrected using the known 
PCr/ATP, Pi/PCr and PME/PCr ratios for the different CK mutants which
31were determined from fully relaxed P-MR spectra (Steeghs et al. 1997). All 
curves are normalized setting the ATP levels before the ischemic period to 1. 
The ATP level was selected for this purpose, because it has a relative good 
SNR and because ATP levels appear similar in muscle of wild type and CK 
mutants (Steeghs et al. 1997). Only for the M-CK/ScCKmit / -mice a slightly 
lower ATP level was detected by chemical means, but this appears to be due 
to ATP hydrolysis during clamping, which cannot be compensated by PCr 
breakdown. By this semi-quantitative method it is possible, to show relative 
changes in metabolites during ischemia and recovery thereof, and to 
compare metabolite levels between the different CK mutants. The chemical 
shift of the PCr-peak was set to 0 ppm and the pH was calculated from the 
shift between PCr and Pi as described previously (Heerschap et al. 1988).
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Analysis of the time courses of PCr and Pi recovery
The rate of PCr recovery after the ischemic period was analyzed by 
approximation of the recovery curve for the M-CK—/—, ScCKmit-/— and wild 
type mice with a monoexponential function:
PCr(trec — trec,c) = PCr0 — (PCr0 — P C ^ J e x p trec trec,0
PCr
[3.1]
where (trec-trec,o) is the recovery time since the ischemic period has ended, 
Tpcr is the time constant for PCr recovery, PCr0 the PCr intensity after 
recovery and PCrmin the PCr intensity at the onset of recovery. The Pi 
recovery was approximated by a similar function, with TPi as the time constant 
for Pi recovery.
Statistics
Unless otherwise indicated, relative metabolite levels and pH are 
presented as means ± SE. Changes of signal intensities during the ischemic 
period were analyzed using the Koziol test (Koziol et al. 1981). Time curves
31were considered significantly different when p<0.05. Total P-MR signal 
intensity curves were analyzed with linear regression followed by a test if the 
slope of these fits differs from zero. Lines were considered significantly non­
horizontal when this test resulted in p<0.05.
Results
31Figure 3.1 shows P-MR spectra from skeletal muscle of a wild type 
and a M-CK/ScCKmit——/_  mouse before, during and after ischemia. During 
ischemia the PCr-signal in spectra of the wild type mouse decreases, while in 
the spectra of the M-CK/ScCKmit——/__ mouse it is virtually unaffected. In both 
types of animals the Pi signal increases and shifts, indicating that there is 
ATP hydrolysis and acidification during ischemia. We also observed an 
increase in the level of PME in all spectra, with a more pronounced starting 
level and steeper increase of the PME signal intensity in M- 
CK/ScCKmit——/_  mice.
More insight in the dynamics of the metabolic circuitry was obtained 
by plotting the time curves for variation in signal intensities of PCr-, ATP-, Pi- 
and PME during the ischemic period and recovery thereafter for muscles of 
each of the three different mutants and the control animals (fig. 3.2A-D) 
(Steeghs et al. 1997). The PCr levels in M-CK—/— and ScCKmit—/— muscle
60
Effects of Ischemia on Skeletal Muscle Energy Metabolism in Mice Lacking Creatine Kinase
PCr
PME
p ¡
PCr ATP
PME
vH
WtviyiZ1\f/y w
\J
Vvvy^ r
10 5 0 -5 -10 -15 -20 -25
A ppm
10 5 0 -5 -10 -15 -20 -25 
B ppm
Figure 3.1: Effects of ischemia reflected by P- Magnetic Resonance spectra. Shown are 
spectra of a wild type mouse (A) and a mouse completely lacking creatine kinase in 
skeletal muscle (M-CK/ScCKmit- / —) (B), before ischemia (1) , after 10 minutes of 
ischemia (spectrum 2), 25 minutes of ischemia (spectrum 3) and after 16 minutes of 
recovery thereof (spectrum 4). 31P-MR spectra were collected in blocks of 2:16 min. The 
dashed line marks the initial chemical shift of the Pi signal. The shift of Pi due to 
acidification is clearly visible. Assignments: PME, phosphomonoesters; Pi, inorganic 
phosphate; PCr, phosphocreatine; y-, a- andßATP.
decline during ischemia in the same way as in wild type mice (fig. 3.2A). The 
PCr signal intensity as a function of time is significantly non-horizontal in 
mice which completely lack CK in skeletal muscle. The residual PCr signal 
intensity at the end of the recovery period is 89% of its starting value and 
remains at that level for at least 30 minutes, but returns to control level within 
24 hours. The recovery of the PCr signal intensity is similar in wild type and 
M-CK-/_ mice. When the curves are fitted by a monoexponential curve, the 
ScCKmit-/_ mice show a faster recovery (xScCkm¡t, pCr=209±20 s) compared to 
wild type (xwydi PCr=330±34 s) and M-CK"/_ mice (tm-cK, PCr=323±36 s). All 
measurements show that PCr in these mice is not completely restored to the 
initial signal levels, PCr in wild type mice recovers up to 91%, in M-CK-/- up 
to 90% and in ScCKmit-/_ up to 94% within a period of 16 minutes after 
cessation of ischemia.
Skeletal muscle of wild type, ScCKmit-/_ and M-CK-/_ mice are able 
to maintain ATP levels during the entire ischemic period (figure 3.2B). 
However, muscles of M-CK/ScCKmit / mice show a significantly different 
time dependency. Their ATP levels decrease by 30% in roughly the first 10 
minutes of the 25 minutes lasting ischemic period. Strikingly, monitoring
ß
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Figure 3.2: Metabolite levels during ischemia and recovery thereafter. Time courses of 
changes in PCr (A), ATP (B), Pi (C) and PME (D) are shown for wild type (I), ScCKmit~/_ 
(O), M-CK-/_ (O) and M-CK/ScCKmit- /__ mice (%). Dotted lines indicate the timepoints 
where the ischemic and recovery period started. Metabolite levels were calculated as 
described in the results section and are all expressed relatively to the ATP-levels before 
the ischemic period. Data are shown as means ± SE for n=6.
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during up to 39 minutes after ischemia did not reveal any recovery, but 24 
hours after ischemia ATP levels are back to control values.
At the onset of ischemia, the Pi signal starts to increase in the wild 
type mice and returns to control level during the recovery period of 16 
minutes (figure 3.2C). The M-CK7_ and ScCKmit7_ show the same Pi signal 
intensity increase, but this increase is significantly less than in wild type mice. 
The time constants for Pi recovery are, xwyd, p¡ =(222±44) s, tm-ck, p¡ = 
(216±50) s and TScCKmit, p¡ = (154±21) s. Strikingly, M-CK/ScCKmit-7__ mice 
do not show an increase in the Pi signal intensity during the first 6 minutes of 
ischemia, followed by an increase which is slowed down by a factor of 6 
(when estimating the slope by linear regression analysis), compared to the 
other mouse mutants and wild type animals. Pi levels in M-CK/ScCKmit / 
mice remain elevated during the entire recovery period, but had returned to 
control values 24 hours later.
All MR spectra obtained during ischemia show an increase in the 
signal intensity at the PME position (figure 3.2D). The PME signal intensity 
increase in ScCKmit7_ mice is not significantly different from that in wild type 
mice. The increase in PME signal intensity is the same in M-CK7_ and M- 
CK/ScCKmit / mice and differs significantly from that in ScCKmit7_ and 
control mice. During the recovery period the PME signal of all mice returned 
to control level.
31Plotting the total P-MR signal intensity, calculated from the 
individual signal intensity time points, reveals further interesting aspects 
regarding the MR visibility of phosphoryl groups. The Pi+PCr signal intensity 
is significantly non-constant in all four mice types (fig. 3.3A,B). Whereas in 
wild type, M-CK7_ and M-CK/ScCKmit / mice the loss in Pi+PCr intensity is 
compensated by the change in PME and ATP levels (fig. 3.3C,D), the 
ScCKmit7_ mice show a significant decrease in Pi+PCr content, which is not 
compensated by an increase in either PME or ATP levels (fig. 3.3C). For the 
ScCKmit7_ mice the experiment was repeated twice with a repetition time of 
7500 ms instead of the normally used 1750 ms to account for possible T1 
changes, but the outcome remained unchanged (not shown).
Finally, we measured the pH changes in muscles of our mutants. 
The pH in M-CK/ScCKmit / mice declined faster in the first half of the 
ischemic period and to a lower value at the end of ischemia (6.67±0.03) 
compared to wild type (7.00±0.03), M-CK7_ (6.93±0.03) and ScCKmit7_ 
(7.00±0.03) mice (figure 3.4). No difference in pH changes were found 
between ScCKmit7_ and wild type mice, but the pH curve in M-CK7_ mice is 
significantly different from the pH curve for ScCKmit7_ and wild type mice 
during the second half of the ischemic period. When the different time course 
of changes in Fig. 3.4 are compared one interesting observation is that pH 
decrease in all the muscles during the last 13 minutes in the ischemic period 
is the same. Recovery of pH to control level was similar in
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Fig. 3.3: Relative changes of P-Magnetic Resonance signal intensities. Plotted are the 
total signal intensities for Pi+PCr (A+B) and Pi+PME+PCr+3xATP (C+D) relative to ATP 
levels at the start of the experiment, for wild type ( I  ) , ScCKmit~/_ (O), M-CKT/— (O) and 
M-CK/ScCKmit- - /-- mice (*). Dotted lines indicate the time where the ischemic and 
recovery period started. Data are shown as means ± SE for n=6.
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all mice, in the sense that the span of the recovery interval is the same, but 
the recovery rate is much faster in M-CK/ScCKmit / mice. Wild type and 
ScCKmit-^  mice even show further acidification in the first two spectra 
obtained during the recovery period, while in muscle of M-CK-/- and M- 
CK/ScCKmit / mice pH immediately starts to recover.
Time [min]
Figure 3.4: Time curves of pH changes during ischemia and recovery thereafter. The 
changes in pH are shown for wild type (I), ScCKmit-/-  (O), M-CK-— (O) and M- 
CK/ScCKmit--/ — mice (%). The delay in recovery in pH in wild type ( I )  and ScCKmit--  
(O) mice is clearly visible as indicated by the dashed arrow. M-CK--  (O) and M- 
CK/ScCkmit- / -- (%) mice immediately show a increase of pH at the start of the recovery 
period. Data are shown as means ± SE for n=6.
Discussion
In our experimental approach to test potential functions of the 
CK/PCr system in skeletal muscle using CK knock-out mice we have 
monitored two processes: first metabolic changes in response to an ischemic 
occlusion of hindlimb muscles and second the recovery thereof during 
reperfusion. The ischemic treatment was used as a manner to challenge 
energy metabolism in a relative simple fashion. In contrast to electrical 
stimulation, there are no large energy demands for cross bridge cycling 
between myosin and actin filaments under these conditions. The contribution 
of oxydative phosphorylation is neglegible after a transient period due to 
oxygen deprivation. This can be approximated from the following data. 
Human skeletal muscle can produce about 2.8 mmol kg-1 ATP aerobically 
with an available 02 content of 0.46 mmol kg-1 (Wackerhage et al. 1996). The 
basal ATP synthesis rate in rat skeletal muscle is 2.3±0.4 mmol kg-1min-1 
(Kemp et al. 1996). Assuming that these values do not differ significantly in 
the mouse system, one would calculate that oxidative ATP synthesis
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becomes marginal within 2 minutes of ischemia, i.e. well within 10% of the 
time span of the ischemic period (25 minutes). We may therefore assume 
that the ATP production is mainly non-oxidative and determined by the yield 
via PCr hydrolysis and/or glycogenolysis for almost the complete duration of 
the ischemic period.
Metabolite levels and tissue pH during ischemia
Our measurements show that the kinetics of hydrolysis of PCr in 
muscle of MCK-/- mice has the same characteristics as in wild type mice, 
indicating that hydrolysis of cytosolic PCr via inversion of the mitochondrial 
pathway is not the limiting step. The fact that the flux of PCr hydrolysis can 
be reversed through this pathway was shown before using electrical 
stimulation experiments (van Deursen et al. 1993). During the ischemic 
period, PCr in muscle of M-CK/ScCKmit / appears largely inert, although 
we do find a slow and small signal intensity decrease during and after 
ischemia. Most likely this low potential for net PCr usage is related to the 
presence of residual non muscle-type mitochondrial and cytosolic CK 
isoenzymes in the lower hindlimb of our mice (i.e. B-CK or UbCkmit).
Previously, we had shown that M-CK-/- mice demonstrate a higher 
glycogen content and exhibit a faster glycogen breakdown capacity, whilst 
the lactate production during electrical stimulation of skeletal muscle was as
31in wild type (van Deursen et al. 1993). Our present P-MR data corroborate 
these observations, as enhanced consumption of glycogen would be 
expected to be accompanied by increased concentrations of glucose-6- 
phosphate and other intermediates of glycogenolysis (Spriet et al. 1987; Katz 
1988) and therefore an increased PME signal (see Fig. 3.2D).
While ATP levels remained constant in wild type and single CK 
mutants during the entire period, the new balance between ATP consumption 
and production set ATP levels in M-CK/ScCKmit / mice at 70% of the initial 
value. We interpret this as an indication that the maximal ATP producing 
capacity of the system has been reached. The fact that M-CK/ScCKm it/ 
mice show a drop in ATP level and the other mutants do not, is direct 
evidence for the CK system’s involvement in energy buffering. Our 
experiments also provide independent support for two other functions of the 
CK/PCr system, i.e. proton buffering and Pi production. The pH immediately 
starts to decline at the onset of ischemia in M-CK/ScCKmit / mice, while in 
wild type, M-CK-/- and ScCKmit-/- mice pH only slightly decreases in the first 
8 minutes of the ischemic period. Apparently H+-production (e.g. ATP 
hydrolysis) is not compensated for in the M-CK/ScCKmit / mice as it is in 
muscle of the single mutant mice and wild type.
With regard to Pi production, M-CK/ScCKmit / mice show no 
increase in the Pi signal intensity at the onset of ischemia, in contrast to
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muscle of wild type mice. In M-CK/ScCKmit / animals the Pi pool remains 
low because the most important source of Pi, PCr, is metabolically inert. 
Phosphate necessary for glycogenolysis /glycolysis apparently can only be 
provided by hydrolysis of ATP.
Until now, in skeletal muscle of ScCKmit-/- mice no abnormalities
31were detected by P-MR, histochemistry or functional tests compared with
31wild type mice (Steeghs et al. 1997). Here we observed that the total P-MR 
signal intensity decreases during ischemia in spectra of skeletal muscle of 
ScCKmit-/- mice. This is in contrast to wild type mice where the level of 
metabolite-bound and free phosphoryl signals remains constant. Analysis of 
the time curves of the individual signals indicates that the intensity decrease 
of the PCr peak is not completely compensated by the increase of the of Pi 
and PME peaks. Loss of metabolites during ischemia is not likely, because 
metabolites will not easily be transported (or leak) out of the muscle when 
blood flow is stopped. It is therefore conceivable that a proportion of 
phosphorylated metabolites bind to macromolecules (perhaps in 
multienzyme complexes as described by Wojtas et al (Wojtas et al. 1997)) or 
gets trapped inside mitochondria, thus shortening T2 and rendering the 
metabolites MR invisible (Hutson et al. 1992). ScCKmit’s possible role in this 
binding or trapping phenomenon is discussed in more detail below.
31It is interesting to compare our findings with results obtained in P- 
MR experiments performed by Miller et al. (Miller et al. 1993) on transgenic 
mouse liver containing B-(rain)-type creatine kinase. During ischemia the 
metabolite levels of transgenic liver behave as those of skeletal muscle of 
wild type mice, while metabolite levels in normal liver, which contains no CK 
and can be considered a naturally occurring “null mutant tissue”, resemble 
those in skeletal muscle lacking creatine kinase. Normal liver shows an 
almost complete depletion of ATP, while skeletal muscle of M- 
CK/ScCKmit / mice show only a 30% loss in ATP signal intensity. The pH 
changes during ischemia show similar behavior for liver and skeletal muscle 
with and without CK. So there are remarkable similarities, but also 
differences. In comparing the differences between both organ model 
systems their own specific functions should be taken into account. The main 
purpose of glycolysis in the liver is to form building blocks for biosynthesis 
and keto acids are normally preferred to glucose as fuel (Stryer 1995). 
Skeletal muscle, however, uses glucose as one of the major sources of 
energy. This functional distinct cellular background can explain the difference 
in ischemic effects on liver and skeletal muscle. While skeletal muscle uses 
glycogenolysis as an extra ATP producing pathway and is equipped with the 
metabolic machinery for proper flux direction, this is not an option for liver, at 
least not under conditions which fall within the normal range of physiological 
challenges.
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Recovery of metabolite levels and pH after ischemia
It is evident from the results shown in Figs. 3.2 and 3.4 that mutant 
and wild type muscles have a clearly different ability to recover once 
ischemia is released. However, there are also some striking similarities such 
as the recovery rate of PCr and Pi levels in M-CK--/--- mice, which are similar 
to those in wild type mice. To place these events in their proper context it 
should be stressed that M-CK/ScCKmit / and M-CK-/- mutant mice have 
undergone developmental adaptations which lead to clear differences in the 
background against which metabolite levels are studied (for details see 
(Steeghs et al. 1998)). Thus the increased mitochondrial volume in M-CK-/- 
mice might be a compansation for the loss of cytosolic CK if this would be a 
limiting factor for the recovery rate of global PCr levels.
The observed undershoot in pH in skeletal muscle of wild type and 
ScCKmit-/- mice after the occlusion is a common finding for the initial phase 
of recovery after ischemia and exercise. This phenomenon is most easily 
explained by a rapid resynthesis of phosphocreatine in the reperfused tissue 
generating hydrogen ions (Taylor et al. 1983; Newman 1984). Mice lacking 
the cytosolic CK (M-CK-/- and M-CK/ScCKmit / ) show an immediate 
recovery of pH, indicating that resynthesis of PCr using cytosolic M-CK is not 
an option here. It cannot be excluded that the difference in pH profile during 
the initial phases after removal of the occlusion is caused by altered 
lactate/proton efflux or general adaptations in proton pumps, as can be seen 
after training in humans (Juel 1997).
Surprisingly, the time constant for the recovery of PCr in ScCKmit-/- 
is 60% faster than in wild type and M-CK-/- mice. As no clear 
cytoarchitectural adaptations were observed in ScCKmit-/- mice, we must 
attribute this phenomenon to altered mitochondrial (membrane) physiology,
31perhaps affecting MR visibility of the P-pool (as discussed above). Indeed, 
there may be a relation between the faster Pi recovery and mitochondrial 
import/export processes. One might therefore speculate that the membrane 
potential and/or proton gradient of mitochondria of ScCKmit-/- muscles 
differs from wild type. It is well known that Pi transport is pH gradient 
dependent (Wohlrab and Flowers 1982). In this view, ScCKmit absence may 
lead to an altered setting of the permeability transition pore (Ishas et al. 
1997) or the inorganic Pi transporter, and this could contribute to the 
facilitated uptake of Pi in ScCKmit-/- mitochondria, similar to mechanisms 
operative during the ischemic period proper, as argued above. The 
consequence of the loading of the mitochondria with Pi, might be the 
enhanced release and speed of PCr recovery in the cytosol after an ischemic 
period. It is of note that, despite the increased mitochondrial volume and a 
lower minimal (cytosolic) pH value (6.93 vs. 7.00) the recovery rate of Pi in 
M-CK-/- mice is slower than in ScCKmit-/- mutants. Again this would fit to the
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presumed role of ScCKmit in setting the physiological status of mitochondria, 
as demonstrated by O’Gorman et al (O'Gorman et al. 1997).
Finally, it is interesting to compare the recovery profiles of ATP in the 
different muscles. Most strikingly, skeletal muscle of M-CK/ScCKmit / mice 
does not show any recovery of these metabolites within the 30 minutes 
period after ischemia release. The situation in these muscles differs 
dramatically from M-CK-/- , ScCKmit-/- and wild type muscles in this respect, 
but is somewhat reminiscent of the situation in human muscle after severe 
exercise (Taylor et al. 1986). One explanation for this phenomenon could be 
the more extensive formation of AMP and subsequent breakdown to IMP by 
the sequential action of adenylate kinase and AMP-deaminase and 
eventually formation of purine nucleosidases by 5’-nucleotidase (Stryer 
1995). Slow de novo synthesis of adenine nucleotides and limited 
reamination of IMP (Tullson et al. 1988; Tullson et al. 1996) then could cause 
the long duration needed before Pi and ATP return to control levels.
In summary, our approach provided direct experimental evidence for 
the CK-circuit to have a role in the protection against formation of abnormal 
energy-metabolite levels, and strong acidification, during periods of limited 
substrate and oxygen supply in muscle. Moreover, if the circuit is lacking, a 
developmental preconditioning of the metabolic pathways occurs which 
promotes the use of glycogenolysis. Also this is to some extend effective to 
counteract the adverse effects of ischemia.
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Chapter 4
Abstract
This study explores the origin of the presence of phosphocreatine (PCr) and 
the factors determining resting PCr levels and MR visibility of the (total) 
creatine (Cr) pool in skeletal muscles of wild type and creatine kinase (CK)
3 1 1 3  1deficient mice. By using P, C and H MR spectroscopy on mouse 
muscles in vivo we demonstrate that during postnatal muscle development 
resting Cr and PCr levels increase in parallel, independent from overall CK 
activity. The metabolic availability of PCr in M-CK/ScCKmit 7  muscle as 
tested by post-mortem and ischemic challenging decreased with age, 
reaching a stage of virtual inertness later in life. This suggests that trace 
levels of B-CK in satellite cells have a role in producing PCr in muscles that 
lack the adult M- and ScCKmit isoforms. At the age of 14 days, significant 
higher levels of total Cr are available in M-CK/ScCKmit 7  than in wild type 
muscle, explaining the distinct PCr/ATP ratio in these muscles at this age. 
Also in mature mutant muscle, (slow) phosphorylation of Cr occurs as
13 13observed by C-MR spectroscopy after administration of C4-labeled Cr.
13The ratio C-labeled PCr/Cr differs between M-CK/ScCKmit / mice and 
control, in agreement with the chemically determined ratio. Also the total Cr 
concentration as determined by H-MR spectroscopy (36 mM) and chemical 
methods (32 mM) largely agree. Our data question the proposed existence 
of MR-invisible pools of Cr, however, it is still possible that part of the pool of 
Cr does not participate in the CK reaction.
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Introduction
Creatine kinases (CKs; EC 2.7.3.2) form a small family of 
isoenzymes which catalyze the reaction: creatine (Cr) + MgATP2- <> 
phosphocreatine (PCr2-) + MgADP- + H+. These proteins are considered to 
play a key role in the energetics of excitable tissues, such as muscle, by 
keeping ATP/ADP ratios balanced and the ATP pool highly charged 
(Wallimann et al. 1992). It has been proposed that, apart from forming a 
spatial and temporal energy buffer, the CK circuit may also act as an 
intracellular regulator of pH (Meyer et al. 1984) or a buffer of -P O 4 
production.
To study the links between the PCr/CK-system and energy 
metabolism, and its overall physiological significance in more detail, our 
group has generated mice with single and combined null mutations in the 
muscle specific cytosolic M-CK and/or mitochondrial ScCKmit genes (van 
Deursen and Wieringa 1992; van Deursen et al. 1993; Steeghs et al. 1997;
31Steeghs et al. 1997). Surprisingly, P MR spectroscopy of skeletal muscle 
of adult mice completely lacking muscle specific CK isoforms showed 
substantial amounts of PCr (about 70% of wild type), although the muscle 
appears not able to hydrolyze the compound, i.e. to use it for energy 
buffering (Steeghs et al. 1997; in 't Zandt et al. 1999, chapter 3). Also the 
exchange-flux of phosphate between PCr and ATP in the CK reaction has 
dropped to below detection levels in magnetization transfer experiments 
(Heerschap et al. 1999). Two explanations have been put forward to explain 
the presence of PCr in CK-deficient muscles (Steeghs et al. 1997). Firstly, 
the PCr could stem from the postnatal period of the mouse when high 
amounts of B-CK are available (Trask et al. 1988) or arise due to the 
presence of trace amounts of this isoenzyme in muscle cells at later age. 
Indeed, although our M-CK/ScCKmit 7  mice are truly null mutants with 
respect to M-CK and ScCKmit activity, very low residual levels of CK activity 
have been detected in their skeletal muscles (< 1% of control) (Steeghs et 
al. 1997). B-CK in non-muscle cells such as of cells in the vascular 
endothelium may account for this activity, but it is difficult to envision that the 
entire pool of Cr in skeletal muscle cells is in direct contact with the B-CK 
enzyme. A more plausible explanation might be that mature myotubes 
contain trace amounts of B-CK, which originates from satellite cells or 
myocytes in the process of fusion (Schulze et al. 1997). A final possibility is 
that Cr is phosphorylated by the activity of an unspecified and non-specific 
cellular enzyme.
Here we explore the origin of the presence of PCr in the muscle of 
M-CK/ScCKmit 7  mice. The experiments performed to tackle this issue 
also facilitated further insight in the nature of the PCr/CK system in skeletal 
muscle. First, to address the issue whether PCr may originate from the early
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31postnatal stage, we monitored PCr levels in skeletal muscle by P MRS 
during maturation of the muscle. Normal mouse muscle development is 
characterized by a mono-exponential increase in the PCr over ATP ratio 
during the period between an age of 7 days and adulthood (Heerschap et al. 
1988). To see whether this is related to variation in CK activity and/or the 
rate of Cr uptake we simultaneously measured the activity of CK-isoenzymes 
and determined the levels of total Cr. Next, we investigated if Cr could still 
be phosphorylated at later age. For this we used administration of Cr labeled
13 13with C at the C4-position, enabling us to separate C MRS signals and 
simultaneously quantitate Cr uptake and conversion into PCr (Han and 
Sillerud 1986). Factors determining the resting PCr levels in skeletal muscle
13 1and the MR visibility of the (total) creatine pool in C and H MR 
experiments will be discussed.
Material and methods
Animals
In this study we used mice lacking both the cytosolic muscle specific 
(MM-CK) and the sarcomeric mitochondrial (ScCKmit) isoform (M- 
CK/ScCKmit 7  ). C57BL/6 wild type mice served as controls. Animals were 
anesthetized with 1.2% isoflurane in a gas mixture of 50% O2 / 50% N2O 
delivered through a facemask. From mice older than 20 days, the rectal 
temperature was monitored during the experiment using a fluoroptic 
thermometer (Luxtron 712, California, USA) and maintained at 36.8±0.5 °C 
using a warm water circuit. Mice younger than 20 days were kept warm at 
the same temperature of the water bath as has been used for older mice and 
the skin temperature was checked instead of the rectal temperature.
Magnetic Resonance (MR) equipment
The MR experiments were performed on a 7.0 T magnet (Magnex 
Scientific, Abingdon, England) interfaced to a S.M.I.S. spectrometer (Surrey 
Medical Imaging Systems, Surrey, England) operating at 300.22 MHz for H, 
at 121.53 MHz for 31P and at 75.49 MHz for 13C. The horizontal magnet is 
equipped with a 150 mT/m shielded gradient set and has a free bore size of 
120 mm. The receiver channel was slightly modified by using home-built 
ultra-low noise preamplifiers and a low-loss active transmit/receive switch.
Postnatal development study
31For the unlocalized P MR measurements a three-turn solenoid coil 
was used with a diameter of 8 mm and at the outer side an Alderman-Grant
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type of H MR coil (Alderman and Grant 1979). For the younger mice a 
special plastic insert was used to insure that only the hind limb of the mouse 
was measured. After the shimming procedure, a scout image was obtained 
in three perpendicular directions to ensure that indeed only the hind limb 
was situated in the RF-field of the coil. Experiments on a phantom containing 
a 100mM Pi solution showed that the field of view of the proton coil 
corresponds with that of the phosphorous coil (data not shown). This was
31verified by the combination of ISIS localized P MR spectroscopy (Ordidge
31et al. 1986) and proton MR imaging. No P MR signals were detected 
outside that part of the phantom observed in MR imaging. The phosphorous 
experiments were carried out using a conventional 90-degree RF pulse of 40 
"s with a repetition time of 7 seconds.
Phosphorous MR spectra were acquired from mice at the age of 7 
days and older. The PCr over ATP ratios were determined for 4 different 
mice at a certain age. After the MR experiment, mice were sacrificed and 
hind limb muscles were stored at -80° C. Extracts of hind limb muscles were 
homogenized using a Teflon-glass Potter-Elvehjem homogenizer in 10 
volumes of an ice-cold buffer containing 200 mM Sucrose, 2 mM EDTA, 10 
mM TrisHCl (pH 7.4), supplemented with heparin (50 Units/ml) and protease 
inhibitors (Complete™, Boehringer Mannheim GmbH, Germany). After 
homogenization, the suspension was diluted 1:1 in a 30 mM phosphate 
buffer (pH 7.4), containing 0.2 mM DTT and 0.05% (v/v) Triton X-100 and 
protease inhibitors (Boehringer). Extracts were incubated at room 
temperature for 20 minutes and subsequently centrifuged at 14000 rpm in an 
Eppendorf centrifuge at 4° C for 20 minutes. Protein concentration was 
determined using a Bradford 595 procedure. Total CK activity was measured 
using a CK NAC activated kit according to the manufacturer’s instructions 
(Boehringer Mannheim GmbH, Germany No. 475742). For zymogram 
analysis, total protein extracts (5 "g) were resolved on a 0.7% (v/v) Seakem 
ME agarose gel (Rockland, Maine, USA). Enzyme activities were visualized 
using the CK isoenzyme colorimetric detection kit (Sigma Diagnostics, St. 
Louis, USA, Procedure No. 715-EP) according to the manufacturer’s 
instructions.
To test whether the decrease in residual CK activity over time in the 
hind limb of the M-CK/ScCKmit / mouse becomes sufficiently rate limiting
31at a later age so that PCr appears virtually inert, P MR spectra were 
acquired from skeletal muscle of mice at an age of 21 days and at 12 
months for wild type controls, and at 21 days, 6, 9 and 12 months for the M-
31CK/ScCKmit / mouse. The P MR spectra (Tr=7 s, 128 scans) have been 
acquired with the same coil setup as has been used in the postnatal 
development study (see above). After the acquisition of one reference 
spectrum, the animal was killed with an overdose enflurane. Subsequently,
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the signal intensity of the PCr resonance was monitored until the PCr level 
became constant.
In further analysis of these muscles we chemically determined the Cr 
content. The tissue was extracted with 0.6 M HClO4 and neutralized with 3M 
KOH. Total Cr levels were essayed via coupled enzymatic reactions using a 
spectrophotometer operating at 340 nm. Cr levels are given as "mol/gr dry 
weight and also converted to mmol/l tissue, assuming a protein/dry weight 
ratio of 0.71 and a protein content per volume of tissue of 25%.
Cr labeling studies
Mice completely lacking M-CK and ScCKmit (n=5) and wild type
13mice (C57BL/6) were injected intravenously with 100% C4 -labeled Cr 
(11.25 mg/ml, 200 "l), three times a week, for a period of three weeks. The 
labeled Cr was synthesized by Mercachem (Nijmegen, the Netherlands) 
using the method described previously (Han and Sillerud 1986). Skeletal
13muscle in the hind limb of these mice was analyzed once a week using C
13MR spectroscopy. For the C MR experiments a 4-turn solenoid coil was
13used with a diameter of 8 mm. Outside the C coil an Alderman-Grant type
13of coil was mounted. C MR spectra were acquired using a conventional 90­
13degree RF pulse on the C-MR frequency with Waltz-4 proton decoupling 
on the proton MR frequency. Decoupling was applied to make sure that the 
resonance position for the PCr/Cr peaks was maximal isolated from the lipid
13C MR signals. The repetition time was 3 seconds and the number of scans 
1500. Decoupling power was 40W with a duty cycle of 0.7%. Heating due to 
decoupling power was checked by controlling the temperature of the hind 
limb and the body temperature of the mouse in a separate experiment using 
a two-channel fluoroptic thermometer (Luxtron 712, California, USA). No 
warming of the animal could be detected during a 1.5 hour lasting 
experiment.
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Quantification of total muscular Cr pool using localized H-MRS
Localized proton MR spectroscopy was performed using the STEAM 
sequence (Bruhn et al. 1991) (TE=10 ms, TM=15 ms) with a repetition time 
of 5000 ms, 2500 Hz spectral width and averaging 512 scans (42 minutes). 
Water suppression was achieved using CHESS (Haase et al. 1985) with a 
saturation pulse of 45 ms. Typical voxel size was 2x2x2 mm located in the 
gastrocnemius muscle. The localization of this voxel was guided by gradient 
echo images acquired in three oblique, perpendicular directions (TE=5 ms, 
Tr=200 ms, slice thickness 0.5 mm, matrix size 256x256, 12 slices). 
Localized shimming on this (oblique) voxel was performed until a linewidth 
(FWHM) of less than 22 Hz (0.08 ppm) was reached. STEAM 1H-MR 
spectroscopy was done with the muscle at 55° with respect to B0. The water 
signal was used as an internal reference. The relaxation time T2 for Cr 
methyl and water proton spins was estimated by the acquisition of proton 
spectra at different echo times. At the repetition time of 5 seconds the proton 
spin system was considered to be fully relaxed.
Effects of ischemia
The MR probe construction was provided with a diaphragm plate, 
which allows reversible and reproducible occlusion of the hind limb to make 
the skeletal muscle ischemic (see chapter 2). The occlusion was applied by
13pulling with a weight of 0.5 kg. The C MR experiment to verify if the labeled 
Cr pool was metabolically active was essentially done with the same settings
13as in the resting state C MR experiment, except the number of scans was 
reduced to 600 with a repetition time of one second.
Data analysis
Proton MR spectra were evaluated in the time domain using MRUI
97.1 (http://www.mrui.uab.es/mrui/mruiHomePage.html). Automatic phasing 
of water suppressed spectra was performed by point wise dividing by the 
unsuppressed water signal. This also compensates for possible eddy current 
effects (Klose 1990). The residual water signal was removed using HLSVD 
filtering (de Beer and van Ormondt 1992) and the creatine peak at 3.03 ppm 
was fitted assuming a Gaussian line shape model function. The signal
31resonances in the P MR spectra were fitted assuming a Gaussian line 
shape model function. No prior knowledge was used.
13For the C MR spectra, all signals originating from the carbons in 
the lipids were filtered using HLSVD (de Beer and van Ormondt 1992). The 
resulting spectrum contained only visible resonances for creatine and 
phosphocreatine around 157 ppm. As prior knowledge a splitting of 0.8 ppm
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(Han and Sillerud 1986) and equal damping for these resonances was 
assumed.
Results
The fate of energy metabolites in developing hind leg muscles of 
control and M-CK/ScCKmit / mice between 7-80 days of age was
31 31monitored with P MR spectroscopy. All P MR spectra showed 
resonances for PCr, $-, a- and &ATP, inorganic phoshate (Pi) and 
phosphomonoesters (PME). Both for the control and the M- 
CK/ScCKmit / mice the PCr/ATP ratio increased during maturation of the 
muscle. However, at older age the PCr/ATP ratio starts to decline for the M- 
CK/ScCKmit 7  mice (Figure 4.1). Profiles showing the average PCr over
ppm ppm
Figure 4.1: 31P MR skeletal muscle spectra as a function of age for a wild type (left) and a 
M-CK/ScCKmit--/tt mouse (right) clearly showing the different PCr/ATP ratio development.
All spectra are vertically scaled to the ATP content. Assignments: PME, 
phosphomonoesters; PDE, phosphodiesters; Pi, inorganic phosphate; PCr, 
phosphocreatine; $-, a- and&ATP.
ATP ratios (n=4) as a function of growth and aging are given in Figure 4.2 for 
both types of mice. Analysis of animals during the first 8 weeks of life 
demonstrated that there is a gradual increase in PCr:ATP ratio which is 
approximately similar for wild types and mutants until an age of 28 days. 
Two weeks after birth the PCr:ATP ratio in M-CK/ScCKmit 7  mice is even
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higher than in wild type controls. At age 30 days and older we observe a 
gradual decrease in the PCr:ATP ratio for CK- mutant mice, whereas this 
ratio remains virtually constant for wild type mice during the entire first year 
of life.
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Figure 4.2: The PCr over ATP ratio as a function of the age for M-CK/ScCKmit~/— mouse 
(•) and control (O). The PCr.ATP ratio is similar for M-CK/ScCKmit~/_and wild type 
control mice until an age of 30 days. Thereafter, the PCr:ATP ratio decreases in M- 
CK/ScCKmit/—mice, and levels off in control mice. Every data point represents the 
average of four different mice (mean±SD).
During postnatal development of mammalian skeletal muscles a 
transition occurs in the CK isoenzyme distribution, determined by a switch in 
expression from the B-CK to the M-CK subunit isoform (Eppenberger et al. 
1983). To determine whether this isoenzyme transition - or rather the 
anticipated gradual repression of B-CK gene expression - could possibly be 
involved in the PCr:ATP ratio decrease in CK (M -CK/t and ScCKmit /t) 
deficient muscles we followed the CK isoenzyme distribution and activity 
over time. CK isoenzyme assays and activity determination on hind limb 
muscle extracts (Figure 4.3A and B, respectively) confirm the complete lack 
of MM-CK and ScCKmit (not shown, but see (Steeghs et al. 1997)) in the M- 
CK/ScCKmit 7  muscle. Significant B-CK activity is seen on zymograms of 7 
and 14 days old muscles in both wild type and mutant muscles, but activity 
staining has dropped to undetectable low levels at older age. The residual 
CK activity (i.e. B-CK activity) in 7 day old M-CK/ScCKmit 7  muscle was at 
approximately 4% of normal CK activity in wild type controls, but dropped to 
values below 1% later in life (figure 4.3B, right panel).
One further parameter that might be involved in determining the 
differences in PCr over ATP ratio between M-CK/ScCKmit 7  and control 
mice is the total concentration of the creatine pool. This concentration, as a 
function of the age of the mouse, was determined for the same cohort of
0
0 0
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Figure 4.3: CK isoenzyme and adenylate kinase 1 (AK1) distribution and CK activity as a 
function of the age of the mouse (3A). Zymogram analysis of the M-CK/ScCKmit~~/- 
mouse muscle (right) shows only AK1 and trace levels of BB-CK during the first two weeks 
of life (activity staining differed for distinct strips of the zymogram to visualize low BB-CK 
levels). Also wild type mouse muscle (left) reveals BB-CK activity in this period, but here 
MM-CK is already clearly visible The CK activity in wild type (in U/mg protein; left panel) 
and M-CK/ScCKmit~~/—- as a percentage of the activity in control muscle (right panel) is 
shown in figure 4.3B.
31mice as used in the P MR spectroscopical analysis (Figure 4.4). Creatine 
content increases in muscle of both types of mice during postnatal 
development and becomes constant after 100 days of age. Suprisingly, only 
at an age of 14 days the total creatine pool in M-CK/ScCKmit__/__ muscle 
(14.3 ± 2.6 mM) is significantly higher than in control muscle (8.6 ± 0.3 mM). 
Thereafter, the content in control and M-CK/ScCKmit__/__ muscle remains 
nearly similar and levels off at approximately 32 mM. For sake of 
comparison, the previously reported value for total creatine concentration in 
freeze clamped M-CK/ScCKmit__/__ muscles of adult mice (31 mM) is also 
plotted in Figure 4.4 (data taken from (Steeghs et al. 1997)). The values 
determined are fully compatible with the values determined by quantitative 
localized proton MR spectroscopy, with the muscle oriented at the magic 
angle. From a mono-exponential fit to the signal intensities obtained at 
different echo times, the T2 of methyl proton spins of creatine was estimated 
to be 21 ms and for water proton spins 80 ms. Assuming a water content of 
77% the creatine levels calculated amount to 36 ± 1 mM in controls and 37 ± 
1 mM in M-CK/ScCKmit__/__ muscles (T2-creatine 80ms, T2-water 21 ms), not 
significantly different from the chemically determined values (see Figure 
4.4).
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Figure 4.4: Creatine levels as a function of the age of the mouse. The overal increase in 
the total Cr pool for the M-CK/ScCKmit~/_ and wild type control mouse during the first 
weeks after birth is similar. Only at the age of 14 days the Cr pool in the M- 
CK/ScCKmit~/_ mouse muscle is significantly different from the control muscle.
Finally, to study the visibility of the Cr pool in the mature mutant
13mouse C-labeled Cr was injected and muscle uptake was studied. After
13treatment for 1 week this resulted in a well-resolved signal in the C MR 
spectrum for Cr and PCr in the muscle of the control mouse (Figure 4.5A). In
! !  13the M-CK/ScCKmit / mouse not only the uptake of C labeled Cr can be 
observed, but suprisingly, also phosphorylation of Cr is detectable (Fig 
4.5B). The phosphorylated fraction of the Cr pool is constant over the first 
two weeks of creatine injection (fig. 4.5C) in both types of mice, however, the 
phosphorylated Cr fraction found in M-CK/ScCKmit / mice in the 3rd week
13of C injections is less than during the first two weeks. Remarkably, in this 
third week the total Cr (= Cr + PCr) level has decreased in M- 
CK/ScCKmit / as well as wild type mice. Because we could not measure 
any decrease in the free Cr level in M-CK/ScCKmit / mouse muscle (data 
not shown), the decrease must entirely come from a decrease in PCr level, 
explaining why a different PCr/Cr ratio is observed. In the first two weeks, 
where no adaptations of the muscle are noticed, the fraction PCr/total Cr is 
0.62 ± 0.06 in CK-/- and 0.75 ± 0.04 in wild type mice. These values are not 
significantly different from the values determined by chemical extraction for 
the PCr fraction of the total Cr pool in M-CK/ScCKmit / (0.55 ± 0.06) and 
control mice (0.66± 0.04) (Steeghs et al. 1997) (Fig 4.5c).
13An experiment to verify if C-labeled Cr imported into the muscle is 
metabolically active is shown in Figure 4.6. In this protocol where the hind
13limb is made ischemic, C MR spectra were acquired with a time resolution
83
Chapter 4
C
o
+-»2
"ooa.
Ò
O
o.
1.001
0.75-
0.50'
0.25-
0.00
] Wild type M-CK/ScCKmi1r7_
chem (12C) 1.0 2.0 
W eek — ►
3.0
Figure 4.5: Administration of 13C -labeled Cr and 13C-MR spectroscopy of uptake and 
phosphorylation of Cr in muscles of wild type control (5A) and M-CK/ScCKmit^./ .  mice 
(5B). The values for the PCr/Cr ratios in adult mice are in agreement with the chemically 
determined values for CK-/- and control animals (5C).
of 10 minutes. The conversion of PCr to Cr is observed in the wild type 
mouse during the ischemic period of 20 minutes and the recovery of creatine 
levels occur thereafter. In the M-CK/ScCKmit / mouse no change in PCr 
and Cr levels can be observed over this short time period within the limit set 
by the signal to noise ratio.
Since phosphorylation of Cr, apparently by residual non M- 
CK/ScCKmit acitivity, occurs to certain extent in the mature M- 
CK/ScCKmit / mouse we wondered whether we could quantify this activity 
by measurement of the rate of PCr signal decay in skeletal hind limbs of 
mice after the onset of death. Figure 4.7 shows that wild type mice at age of 
21 days and 12 months show similar curves for the PCr breakdown in the 
post-mortem situation. In contrast, M-CK/ScCKmit / mice still show 
relatively fast breakdown of PCr at the age of 21 days, but at age 3, 9 and 
12 months dephosphorylation of PCr is significantly slower. In these latter 
cases PCr signal intensity does not drop to zero, but reaches a plateau at 
about 50% of the starting value.
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Figure 4.6: 13C-MR spectroscopy to follow the changes in the PCr/Cr ration during an 
ischemic period of 20 minutes and the recovery thereafter. Hydrolysis of PCr and 
phosphorylation of Cr is evident in spectra from wild type muscles, while in M- 
CK/ScCKmit /  muscles no activity can be detected within the limits set by the signal to 
noise ratio.
Discussion
The first aim of the present study was to trace the origin of the PCr 
content in mice lacking muscle specific creatine kinases. The approaches 
used for this purpose also provided insight in factors determining resting PCr 
levels in skeletal muscle and the MR visibility of the (total) Cr pool.
The initial hypothesis that the residual PCr originates from the 
development phase of the muscle to the mature stage, where a switch from 
the B-CK to the M-CK isoform takes place was investigated. To investigate 
the importance of the non-targeted CK isoforms in young mouse, the 
residual CK activity was determined as a function of the age of the mouse. 
The results clearly showed presence of some residual non MM-CK/ScCKmit 
activity, migrating at the position of the BB-isotype in muscles of 7 and 14- 
day-old mice. B-CK activity was below the level of detection and no overt 
changes in total enzymatic activity occurred after an age of 14 days in both
13mutant mice and controls (Figure 4.3). Data from the C creatine labeling 
MR study (Figure 4.5b), however, support that also at more advanced age 
Cr is (slowly) phosphorylated in muscle of M-CK/ScCKmit / mice. If we 
assume that Cr transporters (i.e. Na+/Cr cotransporters) do not transport 
PCr directly into muscle and that the negatively charged PCr (PCr2-) will not 
freely pass the membrane against a steep concentration gradient, we can 
explain our results only by assuming that M-CK/ScCKmit / muscles
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Figure 4.7: 31P-MR monitoring of the decrease in PCr signal intensity in skeletal muscle 
during a post-mortem period. The decay is similar in control mice at 21 days and 12 
months of age. In muscle of M-CK/ScCKmit--/_  mice, the ability to hydrolyze PCr 
correlates with age. In skeletal muscle of M-CK/ScCKmi—/— mice of 21 days old, PCr gets 
completely depleted. In mice at 3, 9 and 12 months of age PCr levels decrease only to 
50% and at a much slower rate.
contain trace levels of enzymatic CK activity. Most likely this is B-CK activity, 
which could originate from muscle satellite cells, immature muscle cells 
which constitute about 30% of muscles in newborn animals and decrease 
gradually in number with increasing age. The size of the satellite cell 
population decreases with age (Schultz and McCormick 1994) (4% at 8 
months, 2.4% at 30 months of age in soleus mouse muscle (Schulze et al. 
1997)) and appears to be governed by innervation or by physiological 
demand. It is conceivable that low levels of B-CK activity are deposited 
every time when satellite cells merge with myofibers. At older age some 
myofibers may lack B-CK completely. Experiments in the post-mortem stage 
as a function of age support this idea. Up to an age of 21 days PCr MR 
signal decrease in M-CK/ScCKmit / muscle is similar to that in wild type 
muscle (Figure 4.7). At later age PCr seems less or even completely not 
accessible, resulting in slower decay and leveling off of the PCr signal to 
approximately 50%. This latter phenomenon may indicate that in older mice 
approximately 50% of the myotubes have lost CK activity completely (see
31below). It is of note that localized P MR spectroscopy of mice with 
combined lack of the cytosolic brain-CK and the mitochondrial ubiquitous-CK 
isoform (see chapter 6) revealed that these mice exhibit no detectable PCr 
levels in brain (see chapter 6,7). This supports our supposition that Cr <> 
PCr conversion in mammalian tissues can indeed be fully blocked if activity 
of all CK isoforms is completely ablated. Moreover, it omits the need for 
postulating the involvement of other enzymatic activities, which are not yet
86
Effects of postnatal development and aging on MR-spectra of phosphocreatine and creatine.
on the metabolic flow chart as an explanation for our observations in M- 
CK/ScCKmit double mutants.
Our study of growing and mature mouse muscle also revealed other 
interesting aspects related to presence of Cr and PCr. Overall, the curve for 
the ratio of PCr relative to the ATP content is similar for mutants and 
controls, during the first 30 days after birth. As the total CK activity differs 
profoundly between mutants and controls, this ratio can not be a simple 
reflection of the CK activity per se, as has been suggested before 
(Heerschap et al. 1988). It seems more appropriate to relate changes in 
(relative) PCr levels to the variation in the total Cr pool. This view is 
supported by the fact that at about 14 days of age both the Cr and the 
relative PCr levels are higher in M-CK/ScCKmit /  muscle than in wild type 
muscle. We surmise that this might be related to compensating adaptations 
occurring in the mutant muscle. Uptake of Cr is an active process regulated 
by specific Na+-Cr cotransporters (Guerrero-Ontiveros and Wallimann 1998), 
the activity of which is coupled to energy and ion homeostasis via the Na+- 
K+-and Ca2+-pumps. In this view, the change in Cr levels could be an 
adaptation of the muscle tissue in M-CK/ScCKmit / mice in response to a 
change in energy demand or cellular (ion) osmolarity.
This does still not explain why M-CK/ScCKmit / at older age have 
lower PCr/Cr and PCr/ATP ratios than wild type mice. Since we assume that 
the CK isotype itself will not change the equilibrium of the PCr + ADP <> Cr 
+ ATP reaction, two explanations can be put forward. First, the composition 
of other components in the CK reaction, e.g. ATP/ADP, may have changed. 
It is known that PCr, ATP and ADP levels may vary between fiber types, 
while the free Cr pool is constant (Kushmerick et al. 1992; Wiseman and 
Kushmerick 1995). A different PCr/Cr ratio might then simply reflect a 
change in fiber type distribution in the mutant mouse compared to control. 
Indeed, a general drift towards a more oxidative character of mainly the 
type-II glycolytic muscles, but no real change in fiber type has been detected 
in M-CK/ScCKmit / mice (Steeghs et al. 1998) (de Groof et al., submitted). 
This rewiring in the metabolic network might result in a different setting of the 
ATP level. Earlier different ATP levels have been noted in a chemical 
extraction procedure (Steeghs et al. 1997), but at that time the lower ATP 
levels in the M-CK/ScCKmit / mouse muscle were attributed to fast ATP 
breakdown during the freeze clamping procedure because of lack of the ATP 
buffering capacity of the PCr/CK system. If, however, no such experimental 
caveats are involved and ATP levels are truly (slightly) lower this would 
explain the altered PCr/Cr setpoint in M-CK/ScCKmit / animals. As a 
second explanation we would like to put forward that at very low levels CK 
activity may become limiting, or be not accessible at all due to 
compartmentation as discussed for the presumed role of satellite cells
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above. Also this could contribute to a different PCr/Cr ratio if averaged over 
all fibers in the entire muscle.
14Based on experiments using C-labeled Cr, it has been proposed 
that two separate pools of Cr exist in heart muscle (Lee and Visscher 1961; 
Savabi 1988) and in fish fast-twitch muscle (Hochachka and Mossey 1998). 
The results of these studies suggest that a significant pool of free Cr (about 
30%) is not available for the CK reaction in these tissues. Proton MR 
magnetization transfer experiments revealed a pool of Cr which is bound to 
matrix or cellular macromolecules, however, the estimate of the size of this 
pool is much lower (about 2.5%) (Kruiskamp et al. 1999) compared to
14estimates from the C labeling studies. The main question here is whether 
the Cr pool that is not available to the CK reaction is also not MR visible. 
Especially the observation that in human skeletal muscle the methylene 
resonance of Cr in localized H MR spectra disappears during exercise 
(Kreis et al. 1999), stimulated this discussion. A recent proton MR study on 
mouse skeletal muscle suggested that signal changes in this resonance for 
Cr observed after death of the animal, are caused by changes in dipole­
dipole interactions (see chapter 5). The experiments described in that report 
revealed that the MR visible/invisible pools of Cr are constant, since the total 
Cr + PCr signal did not change in the post-mortem situation, when the 
muscle was oriented at the so-called magic angle of 55°.
Quantification of Cr in proton MR spectra is complicated by dipole­
dipole interactions (Kreis et al. 1997). For that reason, we performed 
measurements on our mouse muscles in the magic angle orientation. 
Estimation of the Cr pool from localized H MR spectra of mouse skeletal 
muscle yielded similar values for wild type (36.6 + 0.4 mM) and mutant 
mouse (37.5 + 0.4 mM). These values are slightly (but not significantly) 
higher than values from chemical measurements. Only if values would have 
been significantly lower, this could have been considered evidence for 
existence of a MR invisible Cr pool. Further (circumstantial) support for “full 
visibility” of the total Cr pool comes from the observation that the PCr/Cr
13ratios determined by C MR spectroscopy resemble the chemically 
determined values.
To conclude, we provide evidence for a role of B-CK from satellite 
cells in explaining the presence and age-related dynamics of PCr in M- 
CK/ScCKmit / muscle. Our studies suggest that B-CK and its product PCr 
may be used as ideal reporters for following the physiological role of satellite 
cells, especially when studied in a clean background as provided by the M- 
CK/ScCKmit / mice. By comparing energy metabolite behavior in wild type 
and M-CK/ScCKmit / muscles we have found no support for the 
postulated existence of MR invisible pools of Cr. It is still possible, however, 
that part of the Cr pool do not at all participate in the CK reaction.
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Chapter 5
Abstract
Localized proton MR spectra of mouse skeletal muscle obtained at 7T show 
dipole-dipole coupling effects for creatine and putative taurine resonances 
and for the lactate methine signal. These effects are independent of the 
presence of creatine kinase. The intensity of the methylene H resonance of 
creatine is not different between wild type and creatine kinase deficient mice, 
which have a lower phosphocreatine content. H-MR spectra acquired post­
mortem from wild-type mouse skeletal muscle parallel to B0 show a linewidth 
decrease for the methyl resonance of creatine and a 20% signal intensity 
loss for its methylene peak concurrent with the total breakdown of
31phosphocreatine as observed by P-MRS. However, with the muscle at the 
magic angle no changes in the appearance and intensity of creatine (and 
taurine) resonances are observed. These results indicate that the changes 
observed for creatine resonances are related to altered dipolar couplings and 
that the intensity of the methylene peak does not necessarily reflect muscular 
phosphocreatine content.
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Introduction
Recently, it has been demonstrated that H-MR spectra of human 
and rat skeletal muscle show orientation dependent resonance positions for 
several peaks, such as from intra myocellular lipids (Boesch et al. 1997), 
lactate (Asllani et al. 1999) and creatine (Kreis and Boesch 1994; Kreis and 
Boesch 1996; Ntziachristos et al. 1997). In a creatine loading study in 
humans (Kreis et al. 1997), two of the orientation dependent peaks were 
assigned to the methylene group of creatine (Cr2) (3.93 ppm), appearing as 
a doublet, while the methyl group resonance of creatine (Cr3) (3.03 ppm) is 
manifest as a triplet structure. The splitting of these multiplets are at an 
optimum when the muscle is positioned nearly parallel to the main field 
direction (B0) and zero at an orientation of about 55° (magic angle), 
suggesting that they arise from dipole-dipole coupled protons. Using more 
elaborate spectroscopic methods Kreis et al. subsequently have proven that 
these splittings are indeed due to dipolarly coupled protons (Kreis and 
Boesch 1996). Other studies suggested that these dipolar-coupling effects 
are also manifest in the so-called trimethylammonium (TMA)-region i.e. 
between 3.1-3.5 ppm (Kreis and Boesch 1996; Ntziachristos et al. 1997). The 
orientation dependent splittings were observed in tibialis anterior from human 
(Kreis and Boesch 1996) and rat skeletal muscle (Ntziachristos et al. 1997), 
and in human gastrocnemius, quadriceps and soleus muscle (Kreis and 
Boesch 1994), however, in the latter tissue the dipolar splittings were less 
well resolved.
Dipolarly coupling effects are well known for MR spectra from liquid 
crystal media and other anisotropic systems. The occurrence of dipolarly 
coupling effects in in vivo spectra implies that some molecules do not tumble 
isotropically as would be expected for small molecules dissolved in a liquid. 
Two major explanations have been put forward for this phenomenon (Kreis 
et al. 1999). First, it has been proposed that these molecules together with 
their solvation spheres could be large enough to prevent isotropic tumbling in 
the narrow fluid phase between the actin/myosin bundles in the resting 
muscle fiber in vivo (Wegmann et al. 1992). Second, molecules like creatine 
could temporarily bind to larger, oriented structures in muscles, e.g. to 
creatine kinase complexes or other proteinaceous structures in the intact 
muscle.
It has been shown that the dipolarly coupled methylene signal of 
creatine is only present in vivo. Its signal intensity disappears within a few 
hours post-mortem (Ntziachristos et al. 1997). Furthermore, in muscle 
exercise experiments it scales with the phosphocreatine content (Kreis et al. 
1999), i.e. the intensity of the split signal decreased concomitantly with the 
muscular phosphocreatine content, which suggested that this split resonance 
represents phosphocreatine content rather than the total creatine pool.
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These observations bear on the visibility of creatine by proton MR 
spectroscopy, which is currently a matter of debate (Dreher et al. 1994; Kreis 
and Boesch 1998; Coutts et al. 1999; Kruiskamp and Nicolay 1999). The 
creatine methyl signal intensity may be affected by the water suppression 
technique used in proton MR spectroscopy (Kreis and Boesch 1998). This 
could be caused by magnetization transfer (MT), mediated by water 
molecules, to pools of bound creatine in exchange with creatine free in 
solution. Other groups claimed to have observed bound pools of creatine 
based on off-resonance magnetization transfer effects on its methyl signal 
(Dreher et al. 1994; Coutts et al. 1999; Kruiskamp and Nicolay 1999) or using
14C-labeling techniques (Savabi 1988; Hochachka and Mossey 1998). The 
idea might arise that the changing visibility of the methylene signal of creatine 
during exercise and the observation of MT effects are related. However, 
these effects were independent of the bioenergetic status of the tissue. In rat 
skeletal muscle post-mortem, when all PCr has virtually disappeared, off- 
resonance saturation leads to the same MT effects as in the in vivo situation 
(Kruiskamp et al. 1999), which suggests that the off-resonance MT effect is 
identical for phosphocreatine and creatine.
Since the signal intensity of the creatine peaks in proton MR 
spectroscopy is subject to dipole-dipole couplings and possibly part of the 
creatine is invisible in proton MR spectra, the quantification of the muscle 
creatine content using its methyl signal in localized proton MR spectra of 
skeletal muscle, and its possible use as an internal concentration standard, 
is debatable. If the signal intensity of the dipolarly split methylene peak in 
proton MR spectroscopy indeed would represent phosphocreatine levels 
based on a situation where invisibility due to binding of free creatine plays a 
role, this would have major consequences for the way of calculating ADP
31levels as often performed in P MRS studies on bioenergetics. All these 
calculations assume creatine to be freely accessible (for example see 
reference (Kemp and Radda 1994)).
The purpose of the present study was, first, to verify if the dipolarly 
coupling effects are also manifest in the H-MR spectra of mouse 
(gastrocnemius) muscle at higher fields (7T). As mentioned before, 
temporarily binding to a macromolecule could result in a dipolarly split signal. 
In the case of the methylene signal of creatine, a candidate binding 
macromolecule that could cause this effect might be creatine kinase as 
suggested by Kreis et al. (Kreis et al. 1997). Our second goal was to verify if 
dipolarly coupling effects also exist in proton MR spectra acquired from 
skeletal muscle of mice with a complete deficiency of muscle specific 
creatine kinases (Steeghs et al. 1997) to get insight in the possible role of 
these enzymes in the dipole-dipole interactions. Third, since these knock-out 
mice show a reduced phosphocreatine content (60% of wild type) (Steeghs 
et al. 1997), but an approximately normal creatine level, we tested whether
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this has the anticipated effects on the Cr3/Cr2 signal ratio, if the Cr2 
resonance represent phosphocreatine rather than the total creatine pool. 
Finally, the effects on the proton MR spectrum of the gastrocnemius muscle 
were investigated in the sedated mouse in vivo and post-mortem with its leg 
oriented both parallel and at the magic angle with respect to B0 to further 
examine the possible relation between the phosphocreatine content and the 
Cr2 signal intensity.
Material and methods
Magnet and coil equipment
The MR experiments were performed on a 7.0 T magnet (Magnex 
Scientific, Abingdon, England) interfaced to a S.M.I.S. spectrometer (Surrey 
Medical Imaging Systems, Surrey, England) operating at 300.22 MHz for H
31and at 121.53 MHz for P. The horizontal magnet with a free bore size of 
120 mm was equipped with a 150 mT/m shielded gradient set. The receiver 
channel was slightly modified by using home-build ultra-low noise 
preamplifiers and a low-loss active transmit/receive switch. For proton MR 
we used a conic transmit/receive slotted-tube resonator, which is optimized
2 31for a 10x20 mm ROI (Klomp et al. 1998). Inside the proton coil a P 
Helmholtz type of coil was inserted. The coil was mounted on a frame, which 
allowed us to change from outside the magnet the angle of the leg with 
respect to B0 in increments of 5°.
Animals
Adult wild type mice (strain C57Bl/6) and mice with a complete 
deficiency of muscle specific creatine kinase isoforms (Steeghs et al. 1997), 
of age 4-8 months, both males and females, were used in this study. Details 
on the genetic background and generation of these animals have been 
published (van Deursen et al. 1993; Steeghs et al. 1997; Steeghs et al. 
1997).
The animals were anesthetized with 1.3% isoflurane in a gas mixture 
of 50% O2 / 50% N2O delivered through a facemask. During the experiment 
the rectal temperature was monitored using a fluoroptic thermometer 
(Luxtron 712, California, USA) and maintained at 36.8±0.5 °C using a warm 
water circuit.
Localized H MR Spectroscopy
Localized proton MR spectroscopy was performed using the STEAM 
sequence (Bruhn et al. 1991) (TE=10 ms, TM=15 ms) with a repetition time
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of 5000 ms, 2500 Hz spectral width and averaging 512 scans (42 minutes). 
Water suppression was achieved using CHESS (Haase et al. 1985) with a 
saturation pulse of 45 ms. Typical voxel size was 2x2x2 mm located in the 
gastrocnemius muscle. The localization of this voxel was guided by gradient 
echo images acquired in three oblique, perpendicular directions (TE=5 ms, 
Tr=200 ms, slice thickness 0.5 mm, matrix size 256x256, 12 slices). 
Localized shimming on this (oblique) voxel was performed until a maximum 
linewidth (FWHM) of less than 22 Hz (0.08 ppm) was reached. To monitor 
the presence of dipolar splitting in the spectra STEAM H-MR spectroscopy 
was done with the muscle at angles of 0°, 25° and 55° with respect to B0. For 
every angle the RF probe with the animal were taken out of the magnet to 
rotate the coil to the desired angle after which new tuning and matching, 
shimming and imaging was performed. In this protocol, individual spectra 
were acquired from wild type mice (n=4) and mice completely lacking muscle 
specific creatine kinase (n=4).
31 P MR spectroscopy
31Unlocalized P MR spectroscopy was performed using a 
conventional hard 90° RF pulse with a repetition time of 10 s and acquiring 
64 scans with CYCLOPS phase cycling (Hoult and Richards 1975). For the 
unlocalized spectroscopy the shim settings optimized for the whole leg were
31used. After the P MR spectroscopy, the localized shim settings were1
restored into the digital shim unit, to proceed with H MR spectroscopy if 
desired.
Post-mortem
Post-mortem effects on the dipolar coupling patterns visible in H MR 
spectra acquired from skeletal muscle of wild type mice were investigated 
with the leg aligned parallel to B0 (n=4) and with the leg positioned under the 
magic angle (»55°) with respect to B0 (n=4). After one in vivo spectrum was 
acquired, the animal was killed using an overdose isoflurane. The animal 
was kept warm during the post-mortem experiment at a temperature of 30°C. 
The acquisition of localized H MR spectra, including a water reference
31spectrum, was alternated with the acquisition of unlocalized P MR spectra. 
Typically 6 blocks of spectra were acquired post-mortem. In addition, two 
experiments were performed on skeletal muscle post-mortem of mice 
completely lacking muscle specific creatine kinase with the leg parallel to B0 
and at the magic angle.
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Data processing and analysis
MR spectra were evaluated in the time domain using the MRUI 97.1 
software package (http://www.mrui.uab.es/mrui/mruiHomePage.html). 
Automatic phasing of water suppressed spectra was performed by point wise 
dividing by the unsuppressed water signal. This also compensates for 
possible eddy current effects (Klose 1990). The residual water signal was 
removed using HLSVD filtering (de Beer and van Ormondt 1992) and the 
remaining peaks were fitted assuming a Gaussian line shape model function. 
Equal amplitude and damping was used as prior knowledge in the fitting 
routine for those spectral elements for which a dipolar coupling was 
observed.
Results
Gradient echo images in three perpendicular directions of the 
hindlimb of a wild type mouse with the gastrocnemius muscle positioned 
parallel to the B0 field are displayed in figure 5.1A. In the MR images also the 
voxel selected for localized MR spectroscopy in the gastrocnemius muscle is 
indicated in every direction. Due to the short repetition time, lipid signals are 
saturated and this helps to distinguish different muscle groups in the MR 
images for voxel positioning. The STEAM H MR spectrum from the voxel is 
shown in resonances for lipid protons (1-2.5 ppm), for the methyl and 
methylene protons of creatine / phosphocreatine at 3.03 ppm (Cr3) and 3.93 
ppm (Cr2) respectively and for protons resonating in the taurine / 
trimethylammonium (TMA) -region between 3.1 and 3.5 ppm. Closer 
inspection of the Cr2 signal reveals that it is split into two peaks separated by 
20 Hz suggesting the presence of a dipolar coupling as was found in human 
and rat skeletal muscle (Kreis and Boesch 1996; Kreis et al. 1997; 
Ntziachristos et al. 1997). To verify that this splitting indeed arises from 
dipole-dipole coupling, H MR spectra were recorded for the mouse leg 
positioned at different angles with respect to the main magnetic field. The 
results observed in the region between 3 and 4 ppm are shown in figure 5.2 
for a wild type mouse (fig. 5.2A) and a CK knockout animal (M- 
CK/ScCKmit 7  ) (fig. 5.2B). The spectra of both mice, acquired with the leg 
parallel to B0 are very similar and show split signals for the methylene group 
of creatine as well as for the taurine / TMA resonances. For spectra recorded 
in situations in which the angle between the leg and B0 is changed towards 
the value of the magic angle, doublets change into singlets as expected for 
dipolar couplings. The two singlets in the taurine / TMA region are at the 
resonance position for the two taurine methylene groups and of nearly equal
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Figure 5.1. A) A subset of gradient echo images obtained of the hindlimb of a mouse in 
three perpendicular directions (TE=5 ms, Tr=200 ms, slice thickness 0.5 mm, 256x256 
pixels2, 12 slices per direction). A box indicates the voxel (2x2x2 mm3) selected for 1H 
MRS by the STEAM sequence in the gastrocnemius in these three directions. The muscle 
is parallel to the Bo field of the magnet.
B) The water suppressed 1H MR STEAM spectrum from the voxel shown in figure 1a 
(TE=10 ms, TM=15 ms, Tr=5000 ms, 512 averages). It shows signals for residual water 
and lipids, a signal for the methyl group of creatine (Cr3) and the dipolar coupled signals 
from the methylene group of creatine (Cr2) and the TMA /  taurine resonances.
intensity, thus indicating that the signals observed in this spectral region 
indeed mainly arise from taurine.
To evaluate to which extent the Cr2/Cr3 signal ratio approaches the 
expected 2:3 ratio of contributing protons, the integrals of both resonances 
were determined with the leg at 0° and 55° with respect to B0. The average 
Cr2/Cr3 ratio for the leg parallel to B0 is the same (0.46-0.47) for wild type 
and M-CK/ScCKmit 7  mice (see table 5.1). However, at the magic angle 
this ratio (0.54-0.56) is significantly different from the zero degree angle 
result, for both groups of mice, but identical compared to each other. At the 
magic angle the Cr2/Cr3 ratio is closer to the expected ratio of 0.66. The
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Figure 5.2: Spectral pattern of 1H MR spectra as a function of the angle between the leg 
and the direction of B0 . Figure 2A shows the spectra of the gastrocnemius of a wild type 
mouse, figure 2B shows the spectra of the M-CK/ScCKmit~/_ mouse. The dipolarly split 
signals of the methylene groups of creatine (Cr2) and of taurine merge into a single peak 
when the leg approaches the magic angle.
data listed are not corrected for T1 and T2 differences between the Cr2 and 
Cr3 resonances.
Table 5.1: The Cr2/Cr3 signal ratio as a function of the angle of the leg with respect to B0 for 
control mice and mice lacking muscle specific creatine kinase.
Mouse type Cr2/Cr3 ratio w ith leg at Cr2/Cr3 ratio w ith leg at
0° relative to B0 55° relative to B0
Mean ± SD mean ± SD
Wild type 0.46 ± 0.06 0.54 ± 0.03
(n=6) (n=7)
M-CK/ScCKmit“7 _ 0.47 ± 0.08 0.56 ± 0.04
(n=7) (n=4)
To investigate whether we could also find an intensity decrease of 
the Cr2 resonance in the post-mortem period, as observed by Ntziachristos 
et al. (Ntziachristos et al. 1997) for rat skeletal muscle, as well as a 
correlation between the Cr2 spectral intensity and muscle PCr content as 
observed by Kreis et al. (Kreis et al. 1999) for human muscle, we performed
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Figure 5.3: Series of 1H MR spectra from the gastrocnemius muscle of a wild type mouse 
(left side) and 31P MR unlocalized spectra of the hindlimb of the same mouse (right side) 
acquired with the leg parallel to B0. The in vivo 1H-MR-spectra (t=-60 minutes) clearly 
show dipole-dipole couplings for Cr2 and taurine and a normal 31P MR spectrum with 
resonances for PCr, ATP and inorganic phosphate. 31P MR spectra in the post-mortem 
period (starting at t=0) show a disappearance of the PCr peak, and at a later stage the 
ATP resonances. This coincides with a narrowing of the Cr3 resonance, a line broadening 
on the Cr2 peak and the appearance of lactate peaks at 4.1 ppm.
1 31alternated H and P MR spectroscopy post-mortem (figure 5.3 and 5.5). 
When the leg of a wild type mouse was held parallel to the main magnetic
31field the P-observed PCr signal disappeared within 2 hours after death of 
the animal. Only a small decrease (»20%) in signal intensity of the Cr2 
resonance is observed within this period and at later time points no signal 
intensity changes are observed for the resonances between 3.0 and 4.0 ppm 
except for a further increase in the lactate signal intensity at 4.1 ppm. It 
should be noted that the two resonances of equal intensity appearing at the 
position of the lactate methine group cannot be the two highest peaks of the 
quartet splitting of this group induced by J-coupling of the neighboring methyl 
group as they are separated by about 20 Hz. The appearance of these two 
peaks suggests that this methine group is also subject to dipolar coupling, as 
recently has been shown indirectly by Asllani et al. (Asllani et al. 1999). 
Interestingly, post-mortem spectra show an effective decrease in the 
linewidth for the Cr3 signal and an increase in the linewidth of the Cr2 
resonance after correction for changes in the shimming (fig. 5.4). The effect 
of the post-mortem situation on the linewidth of the Cr3 signal can also
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Figure 5.4: Plot of the change in linewidth of the Cr3 resonance corrected for the change 
in the linewidth of the water signal, and the change in the signal intensity for the PCr 
resonance as a function of time during the post-mortem period. The signal intensity of this 
resonance disappears in two hours post-mortem. In this period also the largest change in 
the linewidth of the Cr3 resonance is observed. The linewidth changes observed after 2 
hours in the post-mortem period are most likely induced by cell swelling occurring in the 
post-mortem period.
clearly be seen in figure 5.5. In this experiment with a wild type mouse, the 
excellent signal to noise allowed us to also analyze the Cr2 doublet precisely. 
Here, the integral of the signal for the creatine resonances is not different 
between the pre- and post-mortem situation. The linebroading of the Cr2 
signal, visible in figure 5.3, is evident. These observations are in contrast to 
those seen for the muscle of the M-CK/ScCKmit 7  mouse proceeding from
31the pre- to the post-mortem phase: the PCr resonance in the P MR spectra 
remains virtually the same and in the H MR spectra of this mutant no 
changes in the corrected linewidth for the creatine Cr2 and Cr3 could be 
observed.
When the post-mortem experiments were carried out at the magic 
angle, neither changes in intensities of the Cr3, Cr2 and putative taurine 
signals (figure 5.6), nor changes in the linewidth for the Cr3 and Cr2 signals 
were observed. These latter observations were independent of genotype (not 
shown).
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Figure 5.5: Pre- and post-mortem 1H MR spectra from the gastrocnemius muscle of a wild 
type mouse acquired with the leg parallel to B0. The excellent homogeneity and signal to 
noise ratio in this experiment, yields a well-defined Cr2 signal 3 hours post-mortem. The 
Cr2 signal centered around 3.93 ppm still exhibits the dipole-dipole splitting, but has an 
increased linewidth. Furthermore, the smaller linewidth of the Cr3 is signal is clearly visible 
as well. Both creatine resonances are of equal amplitude when compared to the 
premortem situation.
Discussion
Recently, the remarkable observation was made that dipole-dipole 
couplings are manifest in localized proton MR spectra of skeletal muscle 
(Kreis and Boesch 1994). In subsequent experiments it was shown that the 
methylene signal of creatine not only shows dipolar splitting, but also that its 
signal decreases during muscle exercise in humans (Kreis et al. 1999). This 
led to the hypothesis that the methylene resonance only represents 
phosphocreatine rather than the total creatine pool. To test this hypothesis 
we investigated skeletal muscle of normal mice and mice completely 
deficient in creatine kinase which contain a pool of metabolically inactive PCr. 
Furthermore, the influence of the orientation of the leg with respect to the 
main magnetic field was explored in the post-mortem situation. This allowed 
us to investigate if the disappearance of the methylene signal of creatine 
(Ntziachristos et al. 1997; Kreis et al. 1999) is related to changes in dipole­
dipole interactions.
In this study, we have shown that dipolar coupling effects can be 
observed in proton spectra of mouse skeletal muscle (gastrocnemius) at high 
field strengths (7T). The localized H MR spectra not only showed a splitting 
of the creatine methylene signal, but also revealed dipolarly coupling effects
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Figure 5.6: Series of 1H MR spectra from the gastrocnemius muscle of a wild type mouse 
acquired with the leg oriented to the magic angle with respect to B0 . No changes in the 
spectral pattern are observed in the post-mortem period, apart from the increase of the 
lactate multiplet at 4.1 ppm. The methine group of lactate does not exhibit a well resolved 
splitting of 20 Hz as we did observe with the leg oriented at 0° with respect to Bo. This 
indicated that the methine group of lactate indeed shows dipolar coupling as well.
for the signals in the TMA region and also for the lactate methine group 
visible under post-mortem conditions, confirming the recent results of Asllani 
et al. on lactate in rat and bovine skeletal muscle (Asllani et al. 1999) . In 
skeletal muscle of mice the signals in the TMA region mainly arise from 
taurine (McIntosh et al. 1998). This is in contrast to human skeletal muscle 
that contains apparently low taurine and high choline levels (Kreis and 
Boesch 1996). Quantification of creatine by its Cr3 peak has been attempted 
for human muscle (Kreis et al. 1993; Styles et al. 1995; Bottomley et al. 
1997), but is hampered by its muscle orientation dependent shape (Kreis et 
al. 1999). A consequence of the introduction of dipolar splitting in the taurine 
signals is that the upfield component of the ensuing doublet might coincide 
with the Cr3 peak at lower field strengths. This makes the quantification of 
the Cr3 triplet, and its use as a possible internal concentration reference, 
even more complicated.
Apart from these quantitative issues our study also addresses 
several hypotheses regarding the qualitative aspects of the coupling 
phenomenon. Among others, dipolarly coupling effects might be explained by 
direct transient association of MR-visible compounds with components in the
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proteinaceous network of cells in the tissue examined. Therefore we decided 
to study the behavior of the Cr2 as well as the putative taurine peaks in the 
background of a mouse with a complete deficiency of muscle-specific 
creatine kinases, the only abundant enzymes which specifically bind creatine 
in muscle. Interestingly, mutant and wild type animals showed an almost 
identical coupling pattern for the Cr2 signal, indicating that binding to creatine 
kinases does not provide an explanation for the coupling effects. Also, the 
hypothesis that the Cr2 resonance represents PCr content rather than the 
total creatine pool could not be confirmed in this study. From our studies four 
independent arguments emerge that argue against this possibility. First, it is 
known that adult mice with a complete deficiency of muscle-specific creatine 
kinases exhibit a PCr content of only 60% of control level (Steeghs et al. 
1997). However, in our experiments, this reduced PCr content had no 
detectable effect on the Cr2/Cr3 signal ratio. Secondly, the Cr2/Cr3 signal 
ratio changed when the leg was tilted in the direction of the magic angle, 
independent of PCr content. Interestingly, the ratio Cr2/Cr3 was closer to the 
theoretically expected value of 0.66. The change in the ratios can simply be 
explained by differences in T2 for the two angles of the muscle as has been 
found previously for collagen (Peto and Gillis 1990). Also less perfect fitting 
of the doublet resonances of the methylene protons compared to fitting of the 
singlet observed at the magic angle, may contribute to the variation in 
Cr2/Cr3 ratios. Third, post-mortem studies with the leg parallel to B0, showed 
no major intensity loss of the Cr2 signal, while at the same time PCr was not
31detectable in the unlocalized P MR spectra. The observed loss of Cr2 
signal intensity, which is less than 20% in our experiment, could solely be 
due to fitting errors. Some change in the lineshape of the Cr2 signal results in 
a broader base of the peak and with the limited signal to noise ratio, fitting for 
the estimation of the peak integral becomes prone to systematic errors. This 
is supported by the observation in one experiment with an excellent signal to 
noise ratio (figure 5.5), where post-mortem the increase in linewidth of the 
Cr2 doublet can be clearly seen and the signal intensity of the doublet is 
comparable with the situation in the anesthetized animal. Fourth, at the 
magic angle no decrease in signal intensity of the Cr2 resonance could be 
found when pre- and post-mortem spectra were compared.
Although the Cr2 signal intensity cannot be used as a marker for the 
PCr content in mouse muscle, it is of worthy note that the spectral pattern of 
creatine did change post-mortem in normal mice with the gastrocnemius 
parallel to the magnetic field. The Cr3 peak sharpens and the Cr2 peak 
broadens, especially in the time period where the PCr content decreases. 
When PCr has become undetectable, still some further decrease in the 
linewidth of the Cr3 signal is observed (fig. 5.4). This could be due to 
changes in the molecular environment of creatine. Changes in T2 could 
explain the observations made post-mortem. However, since experiments at
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the magic angle and for mice lacking the creatine kinase do not show such 
changes, effects on the relaxation parameters are not likely. The effect of 
changes in T1 or T2 were also investigated by Kreis et al. (Kreis et al. 1999) in 
human tibialis anterior muscle and again no correlation was found between 
the relaxation parameters and the change of signal intensity of the creatine 
resonance. It was shown for human muscle that only the intensity of the 
dipolarly coupled Cr2 signal changed during exercise, while the line shape 
remained the same (Kreis et al. 1999). In principle, changes in the average 
direction of the muscle fibers could occur during the post-mortem period. If 
such a realignment of the contractile filaments, organelles or other 
proteinaceous masses would take place, also spectral changes are expected 
to occur as was shown before by Kreis in simulated spectra (Kreis et al. 
1997). However, as no effects are measured on the creatine peaks with the 
muscle at the magic angle (fig. 5.6), a shift in cytoarchitectural arrangement 
is unlikely to be an underlying event.
We consider it more likely that the change in linewidth for the Cr3 
resonance is a consequence of the disappearance of the dipolar coupling in 
the Cr3 methylgroup. This would occur when creatine becomes less hindered 
and tumbles more isotropically. Indeed, the onset of oncosis, following 
ischemic cell death, will lead to dilution of soluble cell compounds (Trump et 
al. 1997). If this would explain our observations we would also expect an 
effect for the putative taurine resonances. For these molecules, however, no 
changes in line splittings are observed during the first 2 hours post mortem. 
A more isotropic tumbling of the creatine molecule could occur when the 
molecule changes in size and form, upon removal of the phosphate moiety. 
This results in a smaller and perhaps more spherical molecule compared to 
PCr. Further support for this latter interpretation comes from the observation 
that muscle lacking creatine kinases, where the PCr pool is constant, no 
change in the linewidth of the Cr3 group is manifest during the post-mortem 
period. We cannot exclude, however, that also other processes may 
influence dipolar splittings. As mentioned, an overall increase in the available 
fluid space in the post-mortem situation due to oncosis (Trump et al. 1997) 
may cause disappearance of the dipolar coupling for all metabolites. Indeed 
this is what is observed at a later stage in the post-mortem situation. At this 
stage the dipolar splittings of the putative taurine peaks start to disappear. 
Similar indications were obtained for rat skeletal muscle previously 
(Ntziachristos et al. 1997), but interpretation in this experiment was difficult 
due to a different spectral pattern at the lower field of 4.7T employed and an 
apparent higher TMA content in rat tibialis anterior compared to mouse 
muscle gastrocnemius.
It should be emphasized that our findings differ in many aspects from 
those obtained for human skeletal muscle during exercise. The most 
prominent difference is the lack of a major change in signal intensity for the
105
Chapter 5
Cr2 resonance in mouse gastrocnemius muscle at 7T compared to human 
tibialis anterior muscle at 1.5T. In our experiments in the post-mortem 
situation still a doublet is observed centered around 3.93 ppm (figure 5.5). 
One could speculate that free creatine in mouse skeletal muscle post­
mortem still shows dipole-dipole interactions for the methylene group with a 
different dipolar coupling than in PCr as measured by H MR spectroscopy.
The divergent behavior of dipole-dipole interactions in proton spectra 
of human and mouse skeletal muscle can be due to species specific 
differences and also the protocols to monitor effects on the Cr2 signal are not 
the same. Initially, under post-mortem conditions oxidative phosphorylation is 
completely shut down and there is a complete disbalance between energy 
production and demand. Soon thereafter an irreversible cascade of events is 
initiated leading to non-physiological changes in pH and ion levels. This is in 
contrast with conditions during exercise, where some energy balance is 
maintained and a large fraction of the energy consumption occurs near the 
actin-myosin region. It is also in this region where high amounts of creatine 
kinase are available. It is somewhat surprising, therefore, that the effects 
observed on the Cr3 resonance are comparable. Kreis et al. (Kreis et al. 
1999) as well as our results show that the Cr3 resonance does not change in 
intensity and only a change in the line shape is observed. We believe that in 
both experiments the outer peaks of the Cr3 triplet move inward. The 
different effects on the overall line shape of the Cr3 triplet can most simply 
be attributed to magnet field strength differences. The different outcome 
between rat skeletal muscle post-mortem and mice skeletal muscle post­
mortem, might be related to the long water suppression pulse used in the rat 
studies (500ms) compared to our experiments (45ms). That long 
presaturation pulse might allow magnetization transfer effects to play a role. 
Further, the temperature of the animal was not controlled properly.
In summary, the present experiments indicate that all changes in the 
creatine resonances observed in our experiments are somehow related to 
effects on the dipolar coupling in this molecule. Also taurine proton spins 
show dipole-dipole interactions and those in the methine group of lactate as 
well (Asllani et al. 1999). Our data indicate that changes in the spectral 
pattern of the creatine resonances are directly or indirectly correlated with 
changes in the PCr / Cr ratio. This notion is supported by the lack of changes 
in the creatine resonances in mice lacking muscle specific creatine kinase. 
Caution should be taken, however, in considering the intensity of the dipolarly 
split Cr2 signal as a reliable indicator of PCr content in skeletal muscle.
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Chapter 6
Abstract
Creatine kinases B-CK and UbCKmit are considered to play a pivotal role in 
brain-energy metabolism. Herein we demonstrate that B-CK null mice exhibit 
normal development and CNS architecture. Mice missing the entire B- 
CK/UbCKmit system completely lack phosphocreatine as high-energy 
metabolite and show impaired weight gain and reduced life expectancy, 
attributable to problems with fat-metabolism and thermogenesis. Loss of B- 
CK is associated with impaired spatial learning and abnormal open-field 
habituation behavior. Also the time-profile of pharmacochemically induced 
seizures is affected. Aging as well as additional loss of UbCKmit enhances 
the problems with spatial memory acquisition in B-CK-/- animals. We 
conclude that the connection between the phosphocreatine/creatine circuit 
and global synaptic activity in brain is highly plastic in nature.
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Introduction
Maintenance of energy homeostasis in the brain is of pivotal 
importance for normal cerebral development, proper physiological 
functioning, and prevention of cell damage or death (Beal, 1992; Erecinska 
and Silver, 1994; Rust, 1994; Ikonomidou and Turski, 1996). The 
fundamental importance of this process is illustrated by the fact that genetic, 
pharmacotoxic, or ischemic impairment of cellular uptake or conversion of 
energy substrates are key events in a broad range of neuronal degeneration 
disorders (Beal, 1992; Beal et al., 1993). In addition, several lines of 
evidence suggest that there is involvement of a distinct molecular circuitry 
that provides tight coupling between energy consumption and production 
during the performance of sensory and cognitive tasks (Belliveau et al., 
1991; Fox et al., 1988; Sokoloff, 1977).
Carbohydrates such as glucose, pyruvate or lactate, or medium 
chain fatty acids and ketone bodies (acetoacetate and ß-hydroxybutyrate) 
from the circulation are sources of metabolic energy for brain. It is generally 
assumed that glucose is the primary source, both for the developing as well 
as the adult brain (Sokoloff, 1993; Rust, 1994). Energy reserves in the brain 
are thought to consist primarily of glycogen, glucose, ATP and 
phosphocreatine (PCr). Although all these substrates fit into well known 
metabolic pathways, our overall knowledge of the divertion and spatial 
compartmentalization of these pathways in the mammalian brain is still far 
from complete. Even the question whether fluctuations in energy demand 
are met aerobically or anaerobically has not been adequately answered. In 
part, this is because it is still not fully understood how signals from modern 
brain imaging methods like PET (positron emission tomography, recording 
blood flow) and fMRI (functional magnetic resonance imaging, recording 
blood oxygenation) relate to neural activity (Barinaga, 1997). The situation in 
the brain is particularly complicated due to its cellular heterogeneity and 
complex structure. It is also compounded by the fact that neurons and glia 
cells themselves are considered metabolically heterogeneous and exhibit a 
high degree of intracellular compartmentation of the machinery involved in 
production and consumption of ATP (Tsacopoulos and Magistretti, 1996; 
Cruz and Cerdan, 1999). Ion movement (Erecinska and Silver, 1994) and 
glutamate neurotransmitter cycling (Magistretti et al., 1999) are among the 
major energy consuming processes. The energy required is provided in the 
form of ATP by mitochondria (Wong-Riley, 1989) that are strategically 
located at sites of high-demand such as axonal varicosities containing 
synaptic vesicles and in the dendrites. ATP production by glycolysis in glia 
(Tsacopoulos and Magistretti, 1996) and post synaptic densities in neurons 
has been recognized as an additional or alternative source of energy (Wu et 
al., 1997). For maintaining local ATP/ADP ratios and proper storage and
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distribution of metabolic energy (Shepherd and Harris, 1998) the catalyzed 
transfer of high-energy phosphoryl groups by members of enzyme families 
like the creatine kinases (CKs), adenylate kinases (AKs) (Wallimann et al., 
1992; Dzeja et al., 1998; Holtzman et al., 1998a; O'Gorman et al., 1996) and 
nucleoside diphosphate kinases (NDKs; Ray and Mathews, 1992) plays a 
nodal role. The role of CK isoenzymes, a small family of kinases that 
catalyze the exchange of high-energy phosphate groups between ATP and 
Cr (reaction: MgATP2- + Cr "  MgADP- + PCr2- + H+) has been explored 
most extensively because these compounds are the most prominent energy 
carriers that link metabolic demand and supply (see Wallimann et al., 1992 
for review). Moreover, dynamic fluctuations in the tissue levels of ATP, PCr, 
and other metabolites participating in the CK reaction can be easily followed
1 31by various chemical approaches in vitro and by H and P magnetic 
resonance spectroscopy (MRS) in vivo. There are four genes that encode for 
four distinct CK subunits, the expression of which is cell type specific and 
developmentally controlled. Three isoforms, are restricted to the cytosol and 
are enzymatically active as BB-CK (brain-type) and MM-CK (muscle-type) 
homodimers, or as MB-CK heterodimers (in heart). The ubiquitous 
(UbCKmit) and sarcomeric (ScCKmit) isoforms exist as dimers (inactive) or 
octamers (active) and are located in the intermembrane space of 
mitochondria, in brain (and other tissues) and muscle, respectively. To fully 
benefit from the advantages that the PCr/CK circuit has to offer, 
mitochondrial and cytosolic CK isoenzymes are generally co-expressed and 
a significant fraction of the cytosolic CK is found in conjuncture with 
subcellular sites of high energy demand (Bessman and Carpenter, 1985; 
Wallimann et al., 1992).
The cellular context in which CKs operate is studied most 
extensively in muscle (Wallimann and Eppenberger, 1990; Rossi et al., 
1990; Sata et al., 1996). Our group has shown that absence of MM-CK 
alone or together with ScCKmit in knockout mice has serious physiological 
and morphological consequences (in’ t Zandt et al. 2000a; van Deursen et 
al., 1993) and causes abnormal Ca2+ transients in myotubes (Steeghs et al.,
1997). In contrast to what has been learned about muscle, we still know 
relatively little about the significance of the CK circuit in brain in vivo. Various 
data suggest that the BB-CK and UbCKmit isoforms are also coupled into a 
fully functional PCr-ATP shunt but it is currently unclear to what extent brain 
energy metabolism relies on their presence (Kaldis et al., 1996; Wallimann 
and Eppenberger, 1990). Activity of the PCr-Cr/CK system globally 
correlates with brain activity (Chen et al., 1997; Sauter and Rudin, 1993) and 
its energy protective role was proposed after observing that creatine feeding 
increases survival and suppresses seizures under experimentally stressed, 
hypoxic/ischemic, conditions (Tsuji et al., 1995; Holtzman et al., 1998b). 
Additional evidence for the importance of the CK system is given in case
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reports describing pediatric patients with an extra pyramid al movement 
disorder due to a defect in the biosynthesis pathway of Cr (Stockler et al.,
1996).
Instead, we show here that knockout mice that lack the cytosolic BB- 
CK isoform, produce near normal levels of PCr and develop normally but 
show abnormal habituation behavior and progressive learning defects when 
challenged. By contrast, brains of double mutant mice that additionally lack 
the UbCKmit isoenzyme are entirely without PCr as an energy source. 
These mice are viable but show developmental abnormalities that vary in 
severity among animals and can be partly attributed to dysfunctioning of 
physiological circuits outside the brain. In addition they show profound 
spatial learning defects. Based on these findings we propose a role for the 
PCr/CK system in synaptic transmission and discuss the possibility that PCr 
and Cr may have distinct roles in maintaining the functional integrity of the 
brain.
Experimental procedures 
Generation o f B-CK-deficient mice.
The construction of the targeting vector and the principles of the 
knockout strategy employed have been previously described (van Deursen 
and Wieringa, 1994) and are shown in Fig. 6.1 A. Briefly, linearized vector 
DNA was electroporated into strain 129/OLA derived E14 ES cells (Hooper 
et al., 1987) and cells were grown in the presence of G418 and FIAU. DNA 
from the double resistant clones were cut with XhoI and XbaI and probed 
using a 300bp Rsa I fragment from the promoter area of the gene (Fig. 
6.1A). Correct targeting events in individual clones were scored by 
appearance of a 12 kb wild-type band and a 6.5 kb recombinant band on 
Southern blots (Fig. 6.1 B), and identified at a frequency of 1 in 60 G418 
resistant clones. Three mutant clones were injected into C57BL/6 
blastocytes and transferred to pseudopregnant foster mothers to produce 
chimeric offspring. Resulting chimeric males were mated with C57BL/6 
female mice and one male capable of germline transmission was identified. 
The chimera fathered three B-CK+/# mice (i.e. with 50% 129/0la-50% 
C57BL/6 background contribution), which were mated with C57BL/6 wild­
type partners and the resulting heterozygous offspring were cross-bred to 
obtain heterozygous and homozygous (null) mutants (with a 25% 129/Ola- 
75% C57BL/6 background contribution).
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Generation of the B-CK/UbCKmit /__ mice and genotype analysis by 
PCR
B-CK_/_ and UbCK_/_ (both 25% 129/Ola-75% C57BL/6; Steeghs et 
al., 1995) mice were interbred to obtain heterozygous B-CK$/_, UbCkmit$/_ 
offspring. Siblings with only one wild-type CK allele (either B-CK$/_, 
UbCKmit_/_ or B-CK_/_, UbCKmit$/_) were mated with double mutant (B- 
CK#/#, UbCKmit#/#) partners resulting in the generation of mice lacking both 
CK isoforms (B-CK/UbCKmit / ). Matings between double mutant partner 
animals gave only an occasional litter (see results section). PCR analysis 
was employed to distinguish mutated and wild-type alleles and follow their 
seggregation behavior. The following B-CK specific primers were used: B- 
CKfor2, 5'-GAT GCA GAC CTC GCT GAC CTT G-3', a forward primer 
located in intron 1; B-CKrev2, 5'-GAA TAC AAG GTG GTG GCC AGA GTG 
AG-3' a reverse primer located in intron 3, and NeoHyg-back, 5'-GGC CTG 
GGT GGA GAG GCT TTT T-3' a reverse primer located in the promoter 
region of the neomycin resistance gene. Amplified PCR products were 
analysed on agar gels to separate wild-type (720bp) and mutant (400 bp) 
derived fragments. UbCKmit specific primers were: Ubex8, 5'-GCA GCG 
TCT TTG ACA TCT CTA-3', a forward primer located in exon 8; Ubex9, 5'- 
GAC GCC GTT CAG AGT CAA TCA-3', a reverse primer located in exon 9 
and 3' Neo-for, CTA TCG CCT TCT TGA CGA GTT C-3', a forward primer 
located in the neomycin resistance gene. Agarose gel analysis shows a 
600bp wild type and a 480bp mutant PCR product.
Southern and Northern blot analysis
Procedures for DNA and RNA analysis were as described (Steeghs 
et al., 1997; van Deursen et al., 1993). For Southern blot analysis DNAs 
from tail or toe clip-biopsies were digested and hybridized as given above for 
ES cell DNA. For Northern blot analysis, RNA from mouse brain, stomach,
32and liver was resolved on agar gels and hybridized after blotting with a P- 
labelled 1.2Kb EcoRI/HindIII B-CK cDNA probe or as given in Steeghs et al., 
1997.
Histological and immunohistochemical analyses.
Mice (4 months old) were anaesthetised and perfused transcardially 
with 15 ml 0.1 M phosphate buffered saline followed by 30 ml freshly 
prepared 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The 
brains were removed and post-fixed overnight at room temperature. Brains 
were paraffin-embedded, and cut into 5 ^m sections. Brain paraffin sections 
were dewaxed and stained with haematoxylin and eosin (HE) to determine
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the overall structure of the brain. For immunohistochemical analyses 
sections were taken to ethanol 70%. Endogenous peroxidase activity was 
quenched by a 30 minute incubation in 0.375% H2O2 in methanol. Sections 
were further taken to water and PBS. Non-specific binding sites were 
blocked with PBS with 1% bovine serum albumin (BSA) fraction V (Sigma) 
and 2% normal donkey serum. Sections were incubated overnight at 4°C in 
the first antibody. Antibodies used were: mouse anti-B-CK 20H3B (1:2.500­
1:60.000) (Sistermans et al., 1995) rabbit anti-M-CK #110 (1:400) and rabbit 
anti-UbCK #253(1:4000-1:10.000) (Friedman and Perryman, 1991). Second 
antibodies were: Biotin-sp-conjugated donkey anti-mouse or Biotin-sp- 
conjugated donkey anti-rabbit (Jackson-Immunoresearch Westgrove, PA, 
USA) . Secondary antibodies were applied for 45 minutes at room 
temperature. Staining procedures were completed using the avidin-biotin 
horseradish peroxidase system in the Vectastain ABC Kit (Vector 
laboratories, Burlingame, CA, USA), and peroxidase activity was revealed 
with 0.03% H2O2 and 2.5 mM diaminobenzidine tetrachlorid (DAB). Sections 
were counterstained in haematoxylin, dehydrated, cleared in xylene and 
coverslipped with Eukitt (Kindler, AG, Germany)
CK isoenzyme activ ity assay
Extracts for analysis of enzyme activities were prepared by 
homogenizing freshly excised brain in a Teflon-glass Potter-Elvehjem 
homogenizer in a 1:5 dilution (w/v) of buffer containing 50U/ml heparin, 250 
mM sucrose, 2mM EDTA, 10mM Tris-HCl and complete ™protease inhibitor 
complex (Boehringer Mannheim, FRG) at pH 7.4 at 40C. Homogenates were 
diluted 2-fold with 0.05% (v/v) Triton X-100, 0.3mM DTT and complete 
™protease inhibitor complex in 30 mM phosphate buffer, incubated for 30 
min at room temperature, centrifuged at 14.000 rpm for 30 min at 40C and 
the supernatant was analyzed. CK isoenzymes were separated by 
electrophoresis on agarose gels (Corning Biomedical Division) and 
visualized using the colorimetric detection kit from Sigma diagnostics 
(Procedure No715-EP). Staining was done according to manufacturers 
recommendations except that the gel was run in Tris-barbital buffer pH 8.6 to 
allow separation of the mitochondrial CK isoenzymes.
31 P Magnetic Resonance Spectroscopy
Magnetic Resonance (MR) experiments were performed using a 7.0 
T, 12-cm-diameter horizontal-bore magnet (Magnex Scientific, Abingdon, 
England) interfaced to a S.M.I.S. spectrometer (Surrey Medical Imaging 
Systems, Surrey, England). Before introducing them into the coil and bore of 
the MR magnet, mice were anaesthetized with 1.3% isoflurane in a gas
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mixture of 50% O2 / 50% N2O delivered through a facemask. Rectal 
temperatures were controlled using a fluoroptic thermometer (Luxtron 712, 
California, USA) and maintained at 36.8 ± 0.5 °C using a warm water bed, 
and the respiratory frequency and amplitude were optically monitored 
(Sirecust 401/ Siemens). A detailed description of the in vivo MR methods 
and equipment used is given in chapter 7. The volume of the brain area 
measured (voxel) was 7x7x5 mm , containing most of the brain except the 
cerebellum, and excluding unwanted contributions from surrounding skin 
and muscle tissue.
31The localized P MR spectra were evaluated in the time domain, 
and the pH was calculated from the Pi-aATP shift in resonance position 
(Moon and Richards, 1973). To measure the exchange between PCr and 
yATP via the CK-reaction, the frequency-selective saturation transfer 
technique was used (Sauter and Rudin, 1993). The radio frequency 
saturation pulse with duration of 5 s was applied on the yATP resonance 
position. This pulse was implemented before an image-selected in vivo 
spectroscopy (ISIS) localization sequence (Ordidge et al., 1986) to measure 
CK activity in the PCr - yATP exchange in the above mentioned brain 
volume.
Behavioral analysis
Animals
The first generation B-CK_/_ and wild-type mice resulted from mating of B- 
CK$/_ heterozygous mice. Behavioral tests were done with 2nd generation 
animals. Male mice were housed singly one week before being subjected to 
a battery of behavioral tests at 4 months (adult) or at 24 months (aged) of 
age. In addition, a small group of B-CK/UbCKmit double knockout animals 
(4-7 months old) were analyzed in some of the behavioral tests as well. Body 
temperature measurements in a separate group of B-CK/UbCKmit double 
mutant mice and their wild-type controls were performed twice daily using a 
rectal temperature probe or a subcutaneously implanted microchip 
transponder (Biomedic Data System Implantable Temperature Transponder 
with DAS 5004 Scanner).
Open field
Mice were placed individually in a square open field (40x40x30 cm ) with 
matt white plexiglass walls and observed for 30 min via a camera connected 
to a video recorder and an external monitor. The videotaped open field 
behavior was later analyzed in three blocks of 10 min for duration (in sec) of 
walking, sitting, rearing and grooming. A computer-assisted walking pattern 
analysis (provided by Dr. D. Heeren, University of Nijmegen, The 
Netherlands) was used to calculate the total walking distance during the 30
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min observation and to indicate the formation of a “home base”. All 
behavioral data in this paper are presented as means + SEM, and statistical 
significance was analyzed by a two-way ANOVA, ANOVA with repeated 
measures, Student's t-test, or paired t-test.
Rope grip test
Mice were allowed to grip with their front legs a 3-mm thick horizontal tight 
rope placed 70 cm above the table. The time elapsing until the mice raised 
their hind legs to grip the rope (test 1), and the time until the mice gripped 
the rope by both hind legs and started “walking” along the rope (test 2), was 
measured. Test 1 and 2 were performed on one day, and the mean score 
(in sec) of the three trials per test, with an inter-trial time of 50 min, was 
calculated for each mouse and averaged per group.
Rotarod
Motor coordination and balance were measured using a rotarod, with each 
mouse individually placed on the rod, which was then accelerated from 0 to 
38 rpm over a 400 sec period. Mice were subjected to one pre-trial (data not 
used) and three test trials, with 30 min inter-trial periods. The length of time, 
up to a maximum of 400 sec, that each mouse was able to remain on the 
rotarod was recorded. The mean time of the three test trials was calculated 
per mouse, and averaged per group.
Morris Water Maze
A black pool (120 cm diameter, 80 cm height) was filled with water (22-23 
°C) 3-4 cm from the border-top, and made opaque by the addition of milk 
powder. Spatial cues were present in the room; additional cues were 
attached to the siding of the pool at positions N, E, S, W. To facilitate video 
camera tracing of the black moving spot, i.e. the mouse, a strip of white tape 
(width 10 cm) was taped along the top/inside perimeter of the pool to prevent 
dark reflection. The platform (round, transparent, 10 cm diameter) was 
submerged 1 cm below the water surface and placed in the middle of the 
NW quadrant. For each trial, the mouse was placed in the water at different 
start positions. The mouse was allowed a maximum of 120 sec to find the 
platform and climb onto it, and was left sitting on the platform for 30 sec, 
after which it was returned to the home cage, dried in a towel, or placed 
under a warming lamp to dry. Inter-trial interval was 30 min. If the mouse 
failed to find the platform within 120 sec, it was guided there by hand, placed 
onto it, and left sitting on the platform for 30 sec.
Adult wild type, B-CK-deficient and B-CK/UbCKmit double mutant 
mice performed twelve trials per day during three consecutive days. Starting 
position was different at each trial: E,W,N,S,W,S,N,E,S,N,W,E. The two 
groups of aged animals performed 6 trials per day. At 30 min following the
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last trial on Day 3, a single “probe trial” was performed in which the platform 
was removed from the swimming pool. Mice were allowed to swim for 120 
sec and the time spent in the NW quadrant was recorded. Finally, the visual 
test with the platform (black, rectangular with wired mesh) visibly located 
above the water level, was performed to account for visual and/or motor 
impairments in the swimming pool. During the acquisition trials, the probe 
trial and the visual test the latency (in sec) to find the platform was 
determined.
PTZ-induced seizures
The same two groups of adult male B-CK7+ and B-CK#/_ mice (n=10 each), 
now at the age of 5 months, were subjected to a high energy demand stress 
situation created by pentylenetetrazole (PTZ) -induced seizures. Following 
an initial dose of 10 mg PTZ/kg body weight injected intraperitoneally (i.p.) 
the individual mice were observed for 30 min. Subsequently, mice received 
PTZ in a dose of 10 mg/kg every 10 min until the first full-size seizure 
occurred (protocol modified from el Hamdi et al., 1992). Besides video­
recording each session (of approximately 90 min), one wild type control and 
one B-CK#/_ mouse were also simultaneously observed in real time by two 
observers. They determined time, frequency, and duration, of the different 
behavioral events: Sitting and staring, head and forelimb myoclonic jerks, 
whole body clonus followed by loss of the righting reflex, i.e., the seizure. All 
procedures involving animals were approved by the Animal Care Committee 
of the University of Nijmegen and conformed to the Dutch Council for Animal 
Care and NIH guidelines.
Results
B-CK and B-CK/UbCKmit deficient mice
We have generated B-CK null mice using the gene-targeting 
strategy shown in Fig. 6.1A. ES cell and animals derived thereof carry one or 
two B-CK alleles in which segments of introns 1 and 2 and the entire exon 2 
(containing the ATG start codon of translation) have been deleted and 
replaced by a neomycin resistance cassette in anti-sense orientation (Fig. 
6.1 B). Northern blots of total mRNA from brain, stomach and liver from B- 
CK#/_ mice showed the anticipated absence of B-CK mRNA in expressing 
tissues, such as organs with smooth muscle linings like stomach 
(Sistermans et al., 1995), or cells from the CNS (Fig. 6.1C). CK isoenzyme 
characterization on zymogram assays subsequently confirmed that BB-CK 
activity is undetectable in brain extracts of homozygous mutants (Fig. 6.1 D 
lanes 3 and 4).
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B-CK -► + + - - 
UbCKmit >  + - + -
Figure 6.1. Targeted replacement of B-CK exon 2 with the neo resistance cassette results 
in the absence of B-CK mRNA and enzyme activity in the brain (A) I, the B-CK locus in the 
129Sv/E mouse inbred strain; II, the targeting vector; III, the predicted structure of the B- 
CK locus after targeted mutagenesis, showing the introduction of a Xho I site. Numbers 1­
8 denote exons, a 12 kb Xba fragment corresponding to the endogenous B-CK locus and a 
6.5 kb Xba /Xho fragment from the mutant locus are indicated, as is the RSA I probe. (B) 
Southern blot analysis of genomic DNA from 8 ES cell clones. Lane 5 shows both the 12 
kb wildtype and mutant 6.5 kb fragment after Xba I and Xho I digestion. (C) Northern blot 
analysis of mRNA isolated from brain, stomach and liver, using an EcoRI/HindIII B-CK 
cDNA probe, shows the presence of B-CK mRNA in B-CK+/+ brain (lane 1) and stomach 
(lane 3) and the absence in brain and stomach from a B-CK#/# mouse (lanes 2 and 4). 
Liver does not express B-CK and mRNA is absent from this organ in both B-CK+/+ and B- 
CK#/# mice (lanes 5 and 6). 18S RNA levels were used for RNA quantitation. (D) Activity 
assay of CK isotypes in brain homogenates. The open arrow indicates the position where 
the samples were loaded prior to electrophoresis. Lane 1, brain homogenate from 
wildtype mouse shows BB-CK and both the dimeric and octameric UbCKmit. Lane 2, 
UbCKmit#/#, B-CK+/+ mouse shows the absence of both dimeric and octameric UbCKmit. 
Lane 3, UbCKmit+/+, B-CK#/# mouse shows the absence of BB-CK. Lane 4, B- 
CK/UbCKmit##/## double knockout mouse shows the expected absence of both UbCKmit 
and BB-CK. AK1 is present in equal amounts in all four lanes. An unidentified kinase is 
present close to the site where the samples were loaded. Although it is located close to 
the position where MM-CK would be located we do not believe this band represents MM- 
CK because of the absence of MB-CK from the samples that do contain BB-CK.
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In analogy to the situation in muscle we expected that absence of only the B-
CK component could still yield a situation where the functional loss of the
cytosolic end point of the CK/PCr shuttle might be compensated by shuttling
of PCr/ATP through the mitochondrial compartment. We anticipated such
action solely from UbCKmit, the only other CK isoform that occurs at
appreciable levels in the CNS (see section below) and therefore decided to
ablate this isoform as well. Mating of B-CK#/# mice with UbCKmit#/# mice
(Steeghs et al., 1995) and subsequent crossbreeding of the compound-
heterozygous offspring (B-CK+/#, UbCKmit+/#) resulted in a smaller number of
B-CK/UbCKmit double knockout mice (B-CK/UbCKmit##/##) than expected
from normal Mendelian segregation (6 out of the expected 13 among 205_ 2
pups tested were B-CK/UbCKmit /##; p<0.05 in a + goodness of fit test;
among 11 dead pups found, 3 were B-CK/UbCKmit##/##). All other genotypes
predicted from this crossbreeding were present in the expected numbers. It
is of note here that the gene for B-CK (CKB) and UBCKmit (CKMT1) are on
separate chromosomes, i.e. number 12 and 2, respectively (Cho et al.,
1991). Mating of B-CK/UbCKmit##/## males and females gave only an
occasional litter. In contrast, no such problems were encountered when at
least one of the partners had one intact wild type CK allele. Crossbreeding of
B-CK#/# x UbCKmit+/# or B-CK+/# x UbCKmit#/# was therefore used to
generate appreciable numbers of mice that lacked all CK activity (Fig. 6.1D,
lane 4; 24 out of 147 and 19 out of 94 pups were B-CK/UbCKmit##/##,
respectively).
Fat metabolism-related problems.
B-CK#/# mice showed no obvious abnormalities under normal 
laboratory housing conditions. They gained weight at the same rate as their 
+/+ and +/# littermates, were fertile and showed a normal life expectancy 
(oldest mice are now 27 months of age; data not shown). More severe 
deficits were seen in B-CK/UbCKmit##/## animals. These mice gained weight 
more slowly and showed a persistent reduction in average body weight 
compared to littermates that expressed at least one isoform of CK. The 
difference was not obvious at birth but became apparent two to three weeks 
postnatally (Fig 6.2A, B). Longitudinal weight measurements showed that 
the average body weight of B-CK/UbCKmit##/## males (22 ± 1 g, n=19; 
p<0.001) is significantly reduced compared to that of wild-type controls (28 ±
1 g, n=19) at 3 months of age. Male wild type and single mutant B-CK#/# 
mice at 5 months of age displayed an average body weight of 29 ± 0.8 g 
(n=10) and 27.4 ± 0.5 g (n=10), respectively that was not different from that 
of animals at 3-4 months. Also double knockout female mice showed a 
similar significant and persistent lower body weight (19 ± 0.5 g (n=20) 
versus 22 ± 0.5 g (n=6; p<0.001), for B-CK/UbCKmit##/## and wild-type
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animals, respectively). Again, weights of female B-CK#/# single knockouts 
(22 ± 0.5 g, n=12; not shown) and their wild-type controls (23 ± 1 g, n=11 ; 
see Fig. 6.2B) were not significantly different at 3 months.
age (days) age (days)
50 , m
Figure 6.2. B-CK/UbCKmit#/## double knockout mice show reduced body weight, white 
lipid mobilization, and brown adipose tissue hypertrophy. Male (A) and female (B) body 
weight is reduced in creatine kinase double knockout mice (B-CK/UbCKmit####), lacking 
both B-CK and UbCKmit, when compared to wild type littermates in longitudinal 
measurements. (C-D) White adipose tissue in B-CK/UbCKmit##/## double knockout mice 
(C) is undergoing lipolysis as demonstrated by multilocular and smaller diameter lipid 
droplets compared to the typical single lipid polygonal signet-ring shape in wild type 
controls (D). (E-F) Brown adipose tissue of B-CK/UbCKmit##/## double mutant animals (E) 
is showing hypertrophy demonstrated by the presence of one (or two) relatively large lipid 
vacuole(s) in each multilocular brown adipocyte. (F) Wildtype mice contain normal small 
diameter multilocular lipids in their brown adipose tissue, that derives its characteristic 
brown color from a rich vascularization and numerous mitochondria.
Bar in (C) for C-F, 50 ,m.
Apart from problems with weight double mutant mice also showed a 
higher mortality rate. Time of death did not seem to be age related and our 
oldest B-CK/UbCKmit##/## mouse are now > 20 months old. We did notice 
that death was occasionally preceded by onset of severe hypothermia, and 
body temperatures as low as 29°C were observed. Strikingly, several
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animals in crisis could be rescued by applying warmth in a covert housing 
under a heating lamp. Rescued animals thereafter maintained normal body 
temperature over extended periods of time. During breeding we have lost 
more double knockout males than females (15 out of 20, and 9 out of 25, 
respectively). Again, this could be due to the fact that males are often 
housed separately and are thus unable to benefit from the body warmth 
generated by other mice in the cage. We surmise that the variable 
phenotypic penetrance may be caused by environmental influences and /or 
the expression of modifier-alleles that modulate the effects of the absence of 
both CK isoforms. Selection during breeding, due to the higher mortality 
rates, may also play a role.
As we suspected that problems with lipid metabolism could underlie 
(part of) the problems with weight gain and mortality in our B- 
CK/UbCKmit##/## mutants we examined white and brown adipose tissue 
more closely. Routine histological analysis (Fig. 6.2C-D) revealed that the 
unilocular signet ring white adipocytes of B-CK/UbCKmit##/## mice appeared 
different from those seen in wild-type and B-CK#/# animals, and had become 
multilocular with smaller diameter lipid droplets, indicating that lipid in these 
cells was being mobilized. In contrast, brown adipose tissue of B- 
CK/UbCKmit ##/## mutants showed clear hypertrophy, demonstrating in each 
brown adipocyte one (or two) relatively large lipid vacuole(s) among the 
many small lipid droplets present (Fig. 6.2E). In wild-type animals (Fig. 6.2F) 
and in B-CK-deficient mice (not shown) brown adipose tissue is composed of 
normal looking multilocular adipocytes, mostly polygonal in shape, with a 
characteristic brown color deriving from its rich vascularization and the 
numerous mitochondria present. Strikingly, hypertrophy of brown adipose 
tissue as seen here in B-CK/UbCKmit ##/## mice is usually observed in 
animals undergoing cold-stress (Himms-Hagen, 1990). At present we do not 
know if this physiological circuit is the only system related to the problems 
with mortality and temperature regulation . Preliminary tests with induction of 
cold-stress did not help to distinguish between animals with susceptible and 
non-susceptible phenotype in the CK-mutant cohorts. Moreover, as multiple 
organs and cell types and even external factors like diet can play a role in 
thermogenesis in rodents it is also difficult to decide whether the problems 
should be considered a primary or secondary manifestation of CK absence 
in brain or in the adipocyte tissue proper. Clearly, the work required to 
complete the global inventory of complex multisystemic effects that loss of B- 
CK (and UbCKmit) may have on organismal physiology does not fit in one 
single study. Given the tissue specificity of B-CK and UbCKmit (Wallimann 
and Eppenberger, 1990) we therefore decided to focus this study solely on 
their significance in the CNS.
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Cell type-dependent d istribution o f CK isoforms.
The eventual physiological and psycho-functional effects of genetic 
lesions in the CK/PCr circuit in brain should be strongly correlated with the 
spatial distribution of distinct CK isotypes. Therefore, we applied 
immunostaining to obtain a better understanding of the redundancy and 
overlap in expression within the CK system. Using an anti-B-CK antibody we 
found that B-CK was present throughout the brain including the 
hippocampus (Fig. 6.3A). A small subpopulation of neurons in the deeper 
cortical layers (Fig. 6.3C), purkinje cells and glomerular synapses in the 
granular layer in the cerebellum (Fig. 6.3E), and neurons in several other 
nuclear groups show very high level of expression in their soma. Glia 
localized around blood vessels (Fig. 6.3G), in the cortex (Fig. 6.3H), and 
throughout the midbrain, also expressed high levels of B-CK both in the 
soma and in protrusions. No reaction whatsoever was found on B-CK#/# 
control sections (Figs. 6.3B, D and F) indicating that the staining found 
throughout the wild type brain was not caused by cross-reactivity of the 
antibody.
Presence of the other cytosolic isotype M-CK has been reported in a 
limited number of cell types in the brain, including human hippocampal 
neurons (Hamburg et al., 1990) and purkinje cells of the chicken cerebellum 
(Hemmer et al., 1994). Although CK zymogram analysis on mouse brain 
extracts (Fig. 6.1D, lane 1) did not reveal the presence of M-CK, it might still 
be present locally in relatively few cells. We therefore tried to immunolocalize 
M-CK, using sections from CNS of M-CK#/# knockout mice (van Deursen et 
al., 1993) as control for antibody specificity. With an antibody raised against 
a M-CK specific peptide (QKIEEIFKKAGHP; residues 258-270 we only found 
occasional labeling along the plasma membrane of a limited number of 
neurons in the cortex. However, this labeling was also present in M-CK#/# 
knockouts indicating that this antibody recognizes an epitope that is not 
unique to the M-CK protein (data not shown). We therefore may conclude 
that M-CK is either absent from mouse brain or present in undetectable 
concentrations with our antibody.
The only other CK isoenzyme known to occur in brain is the 
mitochondrial UbCKmit. By using an antiserum raised against a UbCKmit 
specific peptide (AASERRRLYPPSA, residues 1-13) we detect UbCKmit 
primarily in the cell soma of a limited number of neuronal nuclei. UbCKmit 
related staining is found in the soma of certain neurons in layer V in the 
cortex and in several nuclear groups in the brain stem and midbrain (data 
not shown). In the cerebellum we find UbCKmit in neurons in the lateral 
cerebellar nucleus (fig. 6.2L) and in glomerular synapses in the cerebellar 
granular layer (fig. 6.2K). UbCKmit was hardly detectable in the hippocampal
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Figure 6.3. Immunolocalization o f B-CK and UbCKmit in the brain. Paraffin sections (5 
um) were immunolabeied and counterstained using haematoxylin. Coronal sections ofI '  Vv^vV/vW^v\WW-V/VAW-V\W/^ /V/W iV/W ^AV\'AvV//A^V-VvW A'A^V' ^
wild type brain shov/ing the localization o f B-CK throughout the hippocampus (A). the 
cortex (C) and cerebellum (E). Corresponding sections from B-CK~L mice served as 
controls (B. D and F, respectively) and lacked B-CK expression as expected. At greater 
magnification, a high level of B-CK expression is seen in neurons in the cortex (C), ir, 
cerebej[ar glomeruli within the granular layer and in Purkinje cells (E) Astrocytes 
surrounding the blood vessels (G) and present in the cortex (H) also shov/ a nigh level of 
B-CK expression. UbCKmit can only be visualized in a small number of neurons, v/ith 
high expression leveis found in the lateral cerebeliar nucleus (I) and in the cerebellar 
glomeruli within the granular layer (K). Corresponding sections from UbCKmit+- brains (J 
and L, respectively) show the predicted lack of immunoreactivity for UbCKmit. Bars: A, B, 
250 pm, C,D E,F and I, J. K,L, 75 um, and G, hi, 30 f.tm.
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area and virtually absent from the neurophil, the area in which the dendrites 
are located and mitochondria are abundant (Wong-Riley, 1989). This might 
well result from the fact that individual mitochondria are irregularly spaced 
along the dendritic shafts and thus cannot reach a sufficiently high local 
concentration to allow detection with immunohistology. The same holds true 
for the astrocytes in which no UbCKmit could be detected either. Similar 
absence of UbCKmit from astrocytes in chicken was reported by (Hemmer et 
al., 1994) and they also attribute this to methodological limitations. At this 
stage we can, however, not fully exclude the possibility that there is a subset 
of cells in the CNS with mitochondria which are devoid of CK isoforms.
Next, we determined whether the distribution profile of UbCKmit was 
affected by absence or presence of the cytosolic counterpart, B-CK. In a 
limited number of cross sections through the forebrain, midbrain and 
cerebellum (Figs. 3J, L) from a B-CK#/# mouse we found essentially no 
differences with the UbCK localization in wild type mice (data not shown). 
This is in agreement with the finding that UbCKmit activity determined by 
zymogram analysis was essentially similar in wild-type and in B-CK#/# brain 
extracts (Fig. 6.1D).
Previously, we had analyzed whether ectopic expression of the 
muscle-specific mitochondrial CK, ScCKmit, was induced in the brains of 
the UbCK deficient mice using polyvalent antiserum against the ScCKmit 
peptide RTMKHTTDLDASKIRSY (residues 103-120). ScKCmit staining was 
completely absent in all sections analyzed and, as anticipated, Western-blot 
analysis of proteins in brain extracts from wild-type and single UbCKmit 
knockouts did not reveal presence of Sc-CKmit either (Steeghs et al., 1995). 
Indeed, to our knowledge, this fourth member of the CK family has never 
been reliably identified in mammalian brain and we therefore did not pursue 
this issue further.
31 P Magnetic Resonance Spectroscopy
To investigate the metabolic consequence(s) of the lack of CK
31activity P magnetic resonance (MR) spectroscopy was performed on a 
localized brain area (a 7x7x5 mm voxel) in wild-type, B-CK-deficient, and B- 
CK/UbCKmit ##/## double mutant mice. Typical representative spectra 
obtained from the three different mouse groups are shown in Fig. 6.4A with 
resonances for PCr (0 ppm), ATP (y, a, ß: -2.5, -7.5 and -16.1 ppm, 
respectively), Pi (+5 ppm) and PME (+6.7ppm) indicated. The spectra for 
wild-type and B-CK#/# mice appeared similar and the PCr/ATP ratios were 
not different. Strikingly, but not entirely unexpected on the basis of genotype 
information, the PCr signal was fully absent (i.e. clearly below the level of 
detection) in the spectrum of B-CK/UbCKmit ##/## mice. The pH calculated 
from the Pi-aATP shift in resonance position, did not reveal any significant
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Figure 6.4. P Magnetic Resonance Spectroscopy. (A) Representative spectra obtained 
with 31P Magnetic Resonance spectroscopy performed on mouse brain volumes of 7x7x5 
mm3 show the effect of presence or absence of creatine kinase isoforms on the PCr/ATP 
ratios in wild type (wt, n = 5), B-CK-deficient (B-CK$/$, n = 5) and double knockout (B- 
CK/UbCKmit$$/$$, n = 3) mice. No difference is seen between the spectra from wild type 
and B-CK-deficient animals, whereas in double knockout mice, lacking both B-CK and 
UbCKmit, the PCr signal is completely absent. (B) Creatine kinase activity in the PCr- 
#ATP exchange is measured using a 5 sec radio frequency saturation pulse applied on the 
#ATP resonance position (right arrow). Saturation of the #ATP resonance is shown in 
spectrum (a), saturation at a control frequency (left arrow) in spectrum (b). Subtracting (a) 
from (b) yields spectrum (c) which demonstrates efficient exchange between PCr and ATP 
in wild type animals (wt, n = 3). B-CK-deficient mice (B-CK$/$, n = 3) show a major 
impairment in metabolic flux, since only a small fraction of the PCr signal is affected.
B
5 0
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differences in wild-type (7.25 + 0.18), B-CK-deficient (7.20 + 0.20), or double 
knockout (7.23 + 0.08) mice.
Exchange between PCr and yATP through the CK-reaction in vivo 
was studied in wild-type and B-CK-deficient mice using the saturation 
transfer technique (Fig. 6.4B). By summation of spectra acquired from three 
individual mice after saturation of the yATP resonance (spectrum a), and 
saturation at a control frequency to correct for any power spillover of the 
selective radio frequency (spectrum b), a differential spectrum was 
7calculated (spectrum c). This approach enabled us to demonstrate that 
efficient exchange occurs between PCr and ATP in wild-type mice, as 
anticipated. In contrast, in B-CK#/# animals, only a small (but detectable) 
fraction of the signal intensity of the PCr resonance is influenced, indicating 
a major impairment in metabolic exchange capacity (i.e. ~P-flux).
B-CK /# mice show open field hyperactivity and lack of habituation
Given the proposed role of the CK-PCr circuit in the central nervous 
system, we decided to focus on the consequences for brain physiology, 
behavior, and memory acquisition, using a battery of behavioral tests. Wild­
type controls in the open field test showed normal exploration/locomotion 
activity, i.e., mainly walking (370/600 s) and rearing (121/600 s) and lesser 
time sitting (65/600 s) and grooming (44/600 s) in the first 10 min period. 
This was followed by significantly less walking (p < 0.006) and more rearing 
and grooming in the second and third periods (Fig. 6.5A). B-CK#/# mice did 
not differ from controls in the first period. However, during the subsequent 
observation phases, B-CK#/# animals appeared (to stay) hyperactive: they 
showed no significant decrease in walking over the entire 30 min period (p > 
0.1) and demonstrated significantly reduced sitting and grooming behavior (p 
< 0.035) when compared to the controls (Fig. 6.5A). In addition, 9 out of 10 
wild-type mice created a so-called “home-base” (an often frequented spot in 
one of the corners of the field: indicative of habituation) during the 30 min 
open field test. In contrast, 8 out of 9 B-CK#/# mice did not create a home 
base (Fig. 6.5B).
B-CK#/# mice show impaired spatial learning
In the Morris water maze test, wild-type controls showed a normal 
learning curve with an initial high latency for trial block 1 (trial 1-4; ~100 s) 
followed by a quickly decreasing latency to find the submerged platform 
during trial block 2 and 3 on day 1 (trial 5-12: ~ 40 s; Fig. 6.5C). During days 
2 and 3 the latency reduced even further to about ~ 20 s (Fig. 6.5C). B-CK 
#/# mice showed the same high initial latency for trial block 1 (~ 100 s) as the 
controls, but significantly higher latencies during trial blocks 2 and 3 on day 1
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Figure 6.5. B-CK/# animals display open field hyperactivity and lack of habituation, 
impaired spatial learning, and a slower seizure induction. More severe spatial learning 
impairment is observed in double B-CK/UbCKmit#### mutants and in aged B-CK#/# mice. 
(A) Open field activity parameters like walking, sitting, rearing and grooming, were 
observed during 30 min and scored in three 10 min periods for wild type (B-CK+/+, n = 10) 
and B-CK-deficient (B-CK#/#, n = 9) mice. Wild type animals display normal exploration 
behavior, and demonstrate reduced walking (p < 0.006) starting after the first 10 min 
period (also called "habituation"), whereas B-CK-deficient mice show a continued walking 
activity, with less sitting and grooming (p < 0.035), indicative of lack of habituation. Note 
the difference in time scales for the four different parameters. (B) Typical walking patterns 
of the 30 min open field observation show a "home-base" created by wild type controls (B- 
CK+/+), but absence of it in B-CK-deficient (B-CK#/#) mice. (C) Spatial learning is impaired 
in adult B-CK-deficient (B-CK#/# n = 10) mice that demonstrate significantly increased 
latencies to find the submerged platform in the Morris water maze, when compared to 
adult wildtype controls (B-CK+/+, n = 10; F(1,18) = 5.91, p < 0.026). Double knockout mice, 
lacking both B-CK and UbCKmit, show a more severe spatial learning impairment (B- 
CK/UbCKmit###, n = 5; trial 1-20, F(1,13) = 17.529, p < 0.001). (D) Aged 24 months oldB- 
CK#/# mice (n = 9) demonstrate severely impaired spatial learning, in contrast to the aged 
24 months old wild type group (B-CK+/+, n = 10; F(1,17) = 6.48, p < 0.021). The latter 
group appears slower than the 4 months old adult controls, but the aged wild type mice 
actually do learn (i.e., showing a learning curve; F(1,17) = 5.85, p < 0.027). (E) B-CK- 
deficient mice show a delayed seizure-induction following repeated (10 mg/kg) doses of 
pentylenetetrazole (PTZ) injected intraperitoneally. This is shown by a significant increase 
in the number of pre-seizure jerks (small muscle spasms) and the much longer time 
needed (including a higher total PTZ dose) for the first seizure to occur in B-CK-deficient 
mice (B-CK#/#, n = 10) compared to wild type (B-CK+/+, n = 10) animals.
(trial 5-12; ~ 75 s) and blocks 4 and 5 on day 2 (trial 13-20; ~ 55 s; Fig. 
6.5C). At the end of day 2 (trial block 6) and during day 3 (trial blocks 7, 8 
and 9) significant differences in average latency to find the platform were no 
longer observed between the B-CK#/# and wild-type mice (Fig. 6.5C).
B-CK/UbCKmit #7## double knockout mice show severe spatial 
learning impairment
Deficiency for both B-CK and UbCKmit isoforms resulted in a more 
severe impaired spatial learning in the Morris water maze task (Fig. 6.5C). 
The average latency to find the platform for these B-CK/UbCKmit ##/## mice 
was significantly higher in comparison to the wild-type group (Fig. 6.5C)
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when the first five blocks of 4 trials were analyzed (trial 1-20). Interestingly, 
the individual performances across the B-CK/UbCKmit ##/## cohort varied 
considerably. From the group of 6 mice that were available to be tested, one 
mouse was taken out and excluded from the analysis because of lack of 
swimming ability. Several other B-CK/UbCKmit ##/## mice showed occasional 
problems with swimming after trial 20, whereas one mouse performed like a 
control. Although we do not know the basis of this individual variation, it is 
conceivable that part of the observed problems after repeated trials may be 
attributable to the induction of hypothermia.
Aging exacerbates spatial learning impairment
Aging is associated with a variety of learning and memory deficits 
(Bach et al., 1999). We therefore subjected two groups of 24 months old B- 
CK#/# and control mice to a similar behavioral test battery, containing the 
Morris water maze spatial learning task, the visual platform swimming test, 
the open field, and the rotarod task. Aged wild-type mice showed, after initial 
high latencies, a steady decrease in latency over time during the three water 
maze test days (6 trials/day), indicating that learning did occur (Fig. 6.5D). 
The group of aged B-CK#/# mice, however, performed much slower or not at 
all, demonstrating high average latencies in finding the platform during all 
three days (Fig. 6.5D). In other words, the group of aged control animals 
showed a learning curve, whereas the B-CK deficient group did not. In 
addition, at day 3, trial block 7-9, the aged B-CK#/# animals demonstrated to 
be significantly slower than the wild-type controls in finding the platform. 
Aged B-CK#/# mice also did not perform well in the probe trial. For all mice, 
this trial was performed at the end of day 3, with the platform removed from 
the NW quadrant, and the animals being allowed to swim for 120 sec in the 
pool. The percentage of time that the mice spent swimming and searching in 
the NW quadrant was recorded. Adult wild-type controls (46.7 ± 3.4 %), adult 
B-CK#/# mice (45.7 ± 6.1 %) and aged controls (37.3 ± 3.4 %) spent 
significantly more time swimming and searching in the NW quadrant than in 
the other pool areas. In contrast, aged B-CK#/# mice did not search 
specifically, and were spending only 30.9 ± 6.9 % of the total swimming 
period in the NW quadrant of the pool.
Aged B-CK#/# animals were not different from age-matched controls 
in terms of locomotion activity in the open field. However, possible 
differences in exploratory behavior might have been masked, since both 
groups of 24 months old mice, irrespective of their genotype, spent 
significantly less time walking and significantly more time sitting and rearing 
than young adult (4 months old) mice of both genotypes.
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Cued performance and motor function is normal.
To analyze whether the observed learning impairment could be due 
to a performance defect involving visual dysfunction, the four groups of adult 
and aged wild-type and B-CK#/# mice (n=9-10 per group) were put to test in 
the visual platform swimming task. Consistent with the idea that there are no 
defects in cued performance all four groups scored equally well (data not 
shown). B-CK#/# animals also did not differ from control mice in their 
sensorimotor performance in the rope grip test or in their motor co-ordination 
and balance on the rotarod task. In addition, the 24 months old B-CK#/# mice 
were not different from age-matched wild-types or from young (4 months old) 
mutant and control adults (average time on the rotarod for aged wild-types 
194 ± 11 s, aged mutants 227 ± 15 s, versus adult controls 208 ± 18 s and 
adult single knockouts 221 ± 26 s, n = 9-10 per group).
Next we analyzed whether the differences observed could be related 
to differences in swimming or searching strategies. Swim pattern video 
analysis revealed that B-CK-deficient mice were swimming mostly in the 
outer circle(s) of the pool, often in spiraling circles, repeatedly returning to 
the wall, whereas wild-type mice cross more often the entire pool in search 
for the platform. This indicated the use of a different swimming and 
searching strategy. To investigate whether the swimming pattern of B-CK#/# 
mice should be classified as “thigmotaxic behavior”, a “circle analysis” was 
performed by dividing the area of the pool in several concentric circles. The 
amount of time spent swimming in the 3rd, 6th or 8th (i.e. outermost) circle of 
the pool, revealed that B-CK#/# mutants spent significantly more time at the 
periphery of the pool than their wild type controls (89 ± 1 vs. 79 ± 2 %, 74 ±
2 vs. 56 ± 3 %, and 65 ± 2 vs. 46 ± 3  % for the three circular areas, 
respectively; p < 0.001 for each t-test comparison. However, since only 65% 
(and not 90-100%) of the time was spent within the narrow border of the 
outer 8th circle “thigmotaxis” as possible cause of the longer latency could 
be excluded.
PTZ-induced seizures occur later in B-CK-deficient mice
To obtain an independent measure for the integrity of the synaptic 
communication network in mutant mice we next explored whether genetic 
stress in the CK/PCr system had any global effects under conditions of acute 
high-energy demand. To this end, B-CK#/# and wild-type animals were 
subjected to intraperitoneal injections with pentylenetetrazole (PTZ), a 
compound which promotes global high ATP turnover in the CNS by the 
induction of seizures. PTZ treatment inhibits GABA inhibitory function, 
probably by reducing the coupling between GABA and the benzodiazepine 
recognition sites of the GABAa receptor (Walsh et al., 1999), and therefore
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results in increased and prolonged excitation. When repeated doses of PTZ 
were applied B-CK#/# mice showed a significantly higher number of pre­
seizure jerks or short muscle spasms (108 ± 21) compared to wild-types (46 
± 5; p< 0.01) before the first full-blown seizure manifested (Fig. 6.5E,a). The 
first PTZ-induced seizure occurred at 71 ± 2 min in wild type animals (at a 
total dose of 57 + 2 mg/kg PTZ), whereas for B-CK-deficient mice it took 
significantly longer (85 ± 4 min, p < 0.01 ; Fig. 6.5E,b), and a higher average 
dose of PTZ (69 ± 4 mg/kg). Interestingly, the two original background 
control mouse groups that were tested in this PTZ-induced seizure protocol 
showed a considerable difference in the length of the incubation-interval 
before the first full-size seizure occurred. For the C57BL/6 mice (n=10) a 
much shorter average time of 67.6 ± 2.1 min and for the 129/Ola mice (n=4) 
a longer time span of 96.5 ± 3.8 min was registered. Thus, although the 
seizure-profiles of animals within the B-CK#/# and wild-type cohorts with 
mixed background correlated well and followed two clearly distinct patterns, 
the time course of events in both groups was intermediate when compared 
to cohorts with a pure C57BL/6 or 129/Ola background.
Discussion
Modulation o f PCr/Cr produces multisystemic manifestations.
We have generated mutant mice with a partial or total blockade in 
the ability to exchange high-energy phosphoryl groups between PCr and 
ATP. In view of the supposed critical role of the CK-circuit in integrated 
physiology (Wallimann et al, 1992) and the expression distribution of the B- 
CK and UbCKmit genes we anticipated widespread problems in for example 
CNS, kidney function, bone remodelling, and the role of smooth muscle 
linings of several organs. However, on the basis of our current evidence only 
complete inactivation of shuttling between the cytosolic B-CK and 
mitochondrial UbCKmit end-points results in an overt phenotype with 
conspicuous breeding problems, increased mortality, impairment of the 
physiological circuits involved in weight gain during maturation, and 
abnormalities in body-temperature regulation and white and brown adipose 
tissue morphology. The fact that part of these defects manifested 
themselves postnatally may be related to the observation that UbCKmit and 
B-CK levels in various tissues, including brain, start to raise at day 5-10 after 
birth and continue to increase for a few weeks thereafter (Holtzman et al.,
1993). Here it is noteworthy that also pharmacologically induced Cr- 
depletion in a rat model (Yamashita et al., 1995) leads to an increase in 
brown adipose tissue mass and causes reduced thermogenic activity, 
consistent with the findings in our model. It is of great interest to us that most 
B-CK/UbCKmit ##/## mutants reach adulthood. These mice may therefore
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become a valuable model for the characterisation of molecular links between 
the CK/PCr circuit and components in the energy network of adipose tissue 
and other cell systems involved in body weight regulation.
Compared to other models used to address the significance of the 
PCr-Cr/CK ~P transfer circuit, the B-CK/UbCKmit brain model described 
here is unique in that it offers us the first opportunity to “separate” the 
metabolic and physiological roles of PCr and Cr and study insulated effects 
of PCr depletion directly. In other cases, oral administration of high doses of 
creatine (Holtzman et al., 1998b; Klivenyi et al., 1999), Cr-analogues like 
cyclocreatine (Matthews et al., 1998), or the expression of CK-transgenes in 
tissues that are normally devoid of the enzyme (Miller et al., 1993) resulted 
in increased levels of both Cr and PCr. Attempts to study the biological 
significance of CKs in the brain in vivo by feeding Cr-uptake and 
phosphorylation inhibitors like ß-GPA have also met limited success due to 
the high degree of metabolic compartmentation and presence of the blood- 
brain barrier (Holtzman et al, 1998a; and see Cruz and Cerdan, 1999; 
Tsacopoulos and Magistretti, 1996; Ikonomidou and Turski, 1996).
A central physiological role fo r dissipation of PCr stored energy?
Only on the basis of a fully adequate picture of the distribution of CK 
isoenzymes and energy-metabolites can we try to understand how the brain 
has developed its own unique solutions to cope with genetic stress in the
31PCr-generating circuit. Our P MR spectra and chemical measurements 
show that the levels of ATP and PCr in the brain of B-CK#/# and UbCKmit#/# 
were virtually unaffected compared to controls (2.2-2.4 mM and 3.7-4.4 mM 
in all animals, respectively; see chapter 7) but, importantly, that the PCr level 
was essentially zero in B-CK/UbCKmit ##/## mice. Although methodological 
limitations prevented us from determining the exact distribution profile of 
UbCKmit this suggests that functional coupling between B-CK and UbCKmit 
in the so-called ~P shunt (Bessman and Carpenter, 1985) must be complete 
and mediated by co-expression in the same cell types. This argues for 
UbCKmit being the only enzyme that certifies the CK mediated production of 
ATP in B-CK deficient brains. The still relative mild neuro-phenotypic 
consequences of complete loss of PCr can therefore be best explained by 
assuming that compensatory effects of other ATP generating systems take 
over its role in energy metabolism. Such a global adaptation would provide 
the energy network in brain the necessary metabolic robustness, similar to 
that seen in CK-deficient muscle (Steeghs et al., 1997) and for example in 
metabolically engineered microorganisms (Bailey, 1999). Adenylate kinase 
type I (AK1) is a likely candidate to compensate because a decrease in CK 
activity is found to coincide with an increase in AK activity in animals fed with 
ß-GPA in vivo (Holtzman et al., 1998a) or in intact diaphragm muscle treated
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with the CK inhibitor 2,4-dinitrofluorobenzene ex vivo (Dzeja et al., 1996). 
Therefore, it is of note that zymogram analysis did not show an upregulation 
of AK1 in the brain (Fig.6.1D). Moreover, we have preliminary evidence that 
mice lacking both AK1 and B-CK (E.Jansen, B.Wieringa, unpublished) also 
show no overt signs of physiological stress in the CNS. Taken together, 
these data support various models. Firstly, it is conceivable that AK1 forms 
not the only escape route. Other enzyme systems like the nucleoside 
diphosphate kinases (Ray and Mathews, 1992), HSP70 (Hiromura et al.,
1998), or the glycolytic machinery proper may be capable of generating a 
high enough local ~P flux. Based on these considerations we must surmise 
that the mouse brain has a surprising high level of plasticity with respect to 
use of energy production and distribution pathways. Still, when comparing 
the symptoms of mice lacking PCr with those in human patients that lack Cr 
and PCr due to a defect in the Cr-synthesis pathway, patients appear to be 
much more severely affected (Stockler et al. 1996; Schulze et al., 1998). It is 
therefore tempting to hypothesize that storage and transport of high-energy 
phosphoryl groups may not be the only quality of Cr and PCr. Rather, the 
reversible phosphorylation-modification per se, by virtue of its obligatory 
“parallel” coupling to oscillatory energy consumption reactions in various 
compartments of the cell, may serve to set local Cr (and PCr) 
concentrations. In turn, this could become important when considering that 
Cr (or PCr) could act as co-solvent, osmolyte, or stabilizer of conformational 
energy of proteins. If such a scheme exists, this would be in agreement with 
the observation that an increasing number of properties can be attributed to 
Cr and PCr that do not at all require phophotransfer or the production of 
ATP. These include the PCr-dependent uptake of glutamate by synaptic 
vesicles (Xu et al., 1996) and the participation of PCr as a co-factor in the 
cleavage of 3’ pre-mRNA in vitro (Hirose and Manley, 1997). If correct, 
studies with Cr loading or uptake-inhibition need reinterpretation. In addition, 
we may have to re-evaluate the true nature of the neuroprotective properties 
of Cr in mouse models of neurodegenerative diseases like Huntington’ s, 
Parkinson’s disease and ALS (Klivenyi et al., 1999; Matthews et al., 1998).
The role o f m itochondrial ATP in B-CK /# mice
31Using P MR saturation transfer we found that efficient phosphoryl 
exchange between ATP and PCr in B-CK#/# mice is severely reduced but not 
entirely blocked due to presence of UbCK, obviously capable of catalyzing 
the PCr + ADP "  Cr + ATP reaction in reverse. Strikingly, this phenomenon 
is highly reminiscent of the situation with magnetization transfer in beating 
heart of M-CK knockout mice where residual mitochondrial ScCKmit 
represents still up to 30% of normal CK activity, and mitochondria are
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presumed continuously active (Van Dorsten et al., 1998). In contrast, in 
resting skeletal muscle of M-CK#/# mice, where the mitochondrial ScCKmit 
represents a much smaller fraction of normal CK activity, ~P-transfer 
between ATP and PCr was bidirectionally blocked (van Deursen et al.,
1994). Although our findings can be explained by the high fractional content 
of mitochondrial CK activity in brain (20-30% of total CK activity is UbCKmit 
activity) it is striking that even in sedated animals the energy consumption of 
at least part of the neurons is apparently so high that the reversible 
mitochondrial PCr yATP exchange occurs at an appreciable level. Whether 
this implies that mitochondria are working to capacity even in “resting” 
neurons and glias remains subject for further study. Currently, one prevailing 
idea is that OXPHOS provides a major fraction of the “basal” energy needs, 
while the additional needs for focal physiological neural activity are met 
essentially by increased glycolysis, however, this model is not entirely 
undisputed (Barinaga, 1997 and refs. therein).
CK activity and structural and functional aspects o f synaptic signaling.
How then, should we reconcile the problems with spatial learning 
acquisition, habituation, and the age-related defects and link this to the 
situation with energy fuelling in our B-CK and B-CK/UbCKmit null mice? In 
both types of mutants compensatory adaptation in the relative activities of 
the glycolytic and mitochondrial systems may have created a situation in 
which sufficient energy is provided to fuel basal neural or glial functions. 
However, these adaptations might have rendered the system less efficient in 
coping with activity-related drops in local energy charge as provoked in the 
maze and open-field trials. Unfortunately, a shift in flux through ATP- 
production pathways cannot be easily assessed in brain. Preliminary MR- 
imaging analyses showed that brain anatomy in B-CK#/#, UbCK#/# and B- 
CK/UbCKmit ##/## mice is essentially normal. Only the lateral ventricle sizes in 
approximately 50% of B-CK#/# brains outrange the sizes seen in control mice 
with mixed background or the pure C57BL/6 and 129/Ola inbred lines, but 
this has no relation to behavioral performance (see chapter 7). Histological 
analysis demonstrated the occurrence of some abnormal pyramidal cells in 
the CA1 region of only one of seven B-CK/UbCKmit ##/## animals examined 
(data not shown). This indicates that gross morphological changes are only 
minor and certainly not consistent. Our findings, however, do not exclude 
that subtle reorganization of the overall cytoarchitecture, involving 
repositioning of mitochondria and the glycolytic machinery as seen in CK- 
mutant muscle (Steeghs et al. 1997; de Groof et al, conditionally accepted) 
may have contributed to changes in synaptic connections at the 
ultrastructural level in our B-CK#/# and B-CK/UbCKmit ##/## animals. Spatial 
learning and cognition requires optimal maintenance of synaptic activity and
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activity-dependent changes in synaptic strength and connectivity in the 
hippocampal C1>C3 region (Mayford and Kandel, 1999). The ATP required 
to control these processes goes mainly into sustenance for (i) maintaining 
Na+, K+ and Ca2+ ion homeostasis, and (ii) energy needs for glutamate 
transport and glutamine synthesis and GABA neurotransmitter cycles in the 
pertinent brain areas by both neurons and astrocytes (Magistretti et al., 
1999; Herz et al., 1999 and refs therein), and (iii) the demands associated to 
various cell signaling processes in neurons (Mayford and Kandel, 1999). 
Currently, it is difficult to link the activities of B-CK and UbCKmit to any of 
these processes in particular. We had previously found abnormal Ca2+ 
transients in muscle fibers lacking CK (Steeghs et al., 1997). It is therefore 
conceivable that changes in the energy storage and distribution network may 
have a direct effect on the amplitude and frequency modulation of Ca2+ 
transients in the brain as well. Alternatively, the cellular machinery involved 
in neural synaptic vesicle release, glia cell mediated clearance of 
neurotransmitter (glutamate) from the synaptic cleft, or maintenance of 
synapse connectivity and plasticity, may no longer respond appropriately 
due to direct effects of abnormal ATP charge. Furthermore, abnormal 
transient fluctuations in membrane potential, and/or the inappropriate 
availability of PCr proper (Xu et al., 1996) could also play a role here.
Three-dimensional structural and compositional analysis of CA3- 
>CA1 axons in the hippocampus of normal mice showed that only half the 
axonal varicosities with synaptic vesicles contain mitochondria (Shepherd 
and Harris, 1998), presumably with UbCKmit distributed throughout. At the 
remaining sites the glycolytic machinery and facilitated transport of ~P from 
distant mitochondria may play a role in preserving the local energy charge. 
Because we know that B-CK is transported to axonal extremities in 
multiprotein-particles known as slow component b (Wallimann et al., 1992) 
and is ubiquitously distributed over cellular projections, B-CK (like UbCKmit 
in abundant mitochondria) may in fact couple to all of the above mentioned 
aspects of synaptic transmission.
It is interesting to note that the latency profile of the water maze 
performance of young adult B-CK#/# is similar to that of aged wild-type mice, 
and has an even more flat slope in B-CK/UbCKmit ##/## and aged B-CK#/# 
animals (Fig. 6.5). The group of Kandel (Bach et al., 1999) reported that 
aging in normal C57BL/B6 mice correlates with impaired spatial memory, 
associated with a defect in L-LTP, but not the E-LTP cascade in CA1. In the 
light of their findings and our observations presented here, it is tempting to 
speculate that loss of B-CK and the additional lack of UbCKmit affect E- and 
L-LTP differentially, exposing energy thresholds that only become visible 
during aging in normal controls. Clearly, further study is necessary to 
connect PCr/Cr availability with aspects of synaptic activity and connectivity 
needed for learning and habituation behavior.
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Given that our immunohistological data suggest that the Cr-PCr 
circuit is present throughout the brain, we may expect absence of the B-CK 
gene to affect also the elaborate informational and biochemical networks 
that operate outside the hippocampus. Indeed, this would explain why B-CK 
and control mice react differently upon challenge of the brain energy system 
by the periodic administration of PTZ, which blocks GABAa receptor activity, 
stimulates excitability, and leads to reduction in ATP and PCr levels (Yu et 
al., 1997). When PTZ injections are maintained, this finally culminates in a 
full-blown seizure as a result of massive membrane depolarization of a 
cumulating number of neurons throughout the brain. The B-CK#/# mice 
develop the jerks and the seizures at a later time point and after an 
additional PTZ injection. We consider this an indication that the rate or 
profiles of synaptic transmission in the B-CK deficient CNS might be globally 
slowed.
In summary, our findings suggest that the PCr/CK circuit connects in 
a highly plastic manner to synaptic activity in brain. This immediately raises 
further questions which can only be answered by future studies: Is the role of 
B-CK and the Cr-PCr circuit indeed directly connected to the frequency of 
discharge of synaptic vesicles, to the system needed for glutamine­
glutamate cycling, or to mechanisms involved in the de- and re-polarization 
of the membrane potential and overall ion homeostasis in neurons? Also 
another key question now emerges, that is whether the role afforded by Cr 
and PCr is only related to the thermodynamics of these energy requiring 
processes, or could that of Cr also serve other cellular functions?
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Abstract
Creatine kinase (CK) catalyzed exchange of high-energy phosphoryls 
between ATP and phosphocreatine (PCr) is considered to play a crucial role 
in cellular energy homeostasis. Here we use magnetic resonance (MR)- 
based approaches to assess the physiological significance of the creatine 
(Cr)-PCr circuit in brains of mice with targeted knockout mutations in the 
genes for the cytosolic B(rain)-CK and/or mitochondrial ubiquitous CK 
subunits. Cohorts of CK-mutants and wild type control animals with a mixed 
inbred genetic background display individual variation in brain anatomical 
features and spectral levels of metabolites. MR imaging revealed enlarged 
ventricles in a significant number of individual animals but no other gross 
anatomical abnormalities in the group of B-CK deficient mice. Quantitative
31 P MR-spectroscopy revealed that mice that lack both CK-isoenzymes 
exhibit undetectably low PCr levels but have normal ATP and Pi levels, and 
pH. The level of the neuronal/axonal marker N-acetyl-aspartic acid was 30% 
increased, suggesting a higher axonal density. Although CK’s are not evenly 
distributed throughout the CNS, changes in N-acetyl-aspartic acid, creatine 
and glutamate levels appear uniformly and are concordant across different 
brain segments. Our results challenge the proposed model for the PCr/CK 
energy system and suggest a multifaceted role for free Cr and PCr in the 
cell.
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Introduction
Creatine kinases (CKs; EC 2.7.3.2) form a small family of 
isoenzymes which catalyze the reaction: Creatine (Cr) + MgATP2- o  
phosphocreatine (PCr2-) + MgADP- + H+. CK’s are considered to play a key 
role in the energy homeostasis of cells in excitable tissues like muscle and 
brain, by keeping ATP/ADP ratios at distinct subcellular locations functionally 
balanced (Wallimann et al. 1992). In mammals different isoforms of CK are 
being expressed which are distributed in a tissue dependent manner, 
developmentally controlled, and located in different cellular compartments 
(for review see (Wallimann et al. 1992)). The cytosolic isoforms brain CK (B- 
CK) and muscle CK (M-CK) are enzymatically active as BB-CK and MM-CK 
homodimers or as BM-CK heterodimer. The ubiquitous (Ub) and sarcomeric 
(Sc) isoforms act as octamers and are located in the intermembrane space 
of mitochondria. Brain tissue, despite its complex structure and cellular 
heterogeneity, contains almost only B-CK and UbCK (UbCKmit) isoforms. 
These CK-family members are, however, not uniformly codistributed: B-CK 
is present in white and gray matter, while UbCKmit is mainly found in gray 
matter, at the site of the highest mitochondrial density (Wong-Riley 1989).
Knowledge on the functional significance of the CK/PCr system in 
brain is lagging behind that in muscle as experimental challenging of energy 
consumption in the brain is intrinsically more complicated. In addition, 
studies with inhibitors (which include the feeding of creatine analogues) are 
intrinsically more difficult in brain due to our limited knowledge of the effects 
of the blood-brain barrier and the extent of energy compartmentalization, in 
organellar networks in the cell bodies or in axonal-denditric projections. For 
example, feeding ß-guanidinopropionic acid to mice, a competitive inhibitor 
of creatine transport and a poor substrate for CK, results in a complete 
replacement of PCr by phosphorylated ß-guanidinopropionic acid in muscle 
(Holtzman et al. 1989; van Deursen et al. 1994), but gives only partial 
replacement in brain (Holtzman et al. 1989; Holtzman et al. 1997). It is now 
commonly accepted that there is an important role for compartmentalization 
of energy homeostasis in brain. Support for this view comes from the 
observation that under conditions of low energy production, such as hypoxia, 
or when energy consumption is particularly high during seizures, the PCr 
level is only depleted with 20-40% (Holtzman et al. 1997). By contrast, 
energetic challenges such as the stimulation of skeletal muscle may cause 
complete consumption of the PCr pool. Effects of creatine deficiency have 
not only been studied in experimental animals in vivo and ex vivo, but also in 
the human brain. In a recent series of brief reports patients have been 
described with either a defect in guanidinoacetate methyltransferase, 
creating a block in the synthesis of creatine (Stockler et al. 1994), or another 
unknown defect (Tosetti et al. 1999).
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It has been postulated that 80 to 90% of energy usage in brain after 
stimulation is glycolytically derived and attributable to requirements of 
glutamatergic neurotransmission (Magistretti et al. 1999). This includes use 
of ATP for active ion transport after depolarization of the membrane and 
glutamate/glutamine cycling between neurons and astrocytes (Magistretti et 
al. 1999). However, this view is certainly not undisputed (Herz and Robinson
1999). Likewise, although it is commonly accepted that the PCr/CK system 
is closely interconnected with the cellular energy network, it is currently 
unclear what fractions of OXPHOS and glycolytic derived ATP actually flow 
through this circuit. In fact, flux direction in this complicated network is 
probably strongly determined by ATP demand. Therefore, to investigate the 
physiological significance of the brain specific CK isoenzymes in more detail 
we have generated mice, which carry heterozygous, homozygous or 
compound knockout mutations in the UbCKmit (UbCKmit7_) (Steeghs et al. 
1995) and/or B-CK (B-CK7_) genes (see chapter 6). Surprisingly, neither of 
these genotypes is lethal. This indicates that mechanisms involved in the 
maintenance of energy homeostasis in brain, like in muscle (van Deursen et 
al. 1993; Steeghs et al. 1997), shows redundancy and can at least partially 
be compensated for by other systems.
Here we report on the use of non-invasive approaches, involving 
magnetic resonance (MR) imaging and localized proton and phosphorous 
magnetic resonance spectroscopy, for phenotypic characterization of the 
brains of these mutant models. MR recording of mouse brain morphology 
and brain metabolites offers attractive alternatives compared to invasive 
histo-anatomical and biochemical analyses of mouse brain. We demonstrate 
that MR findings are strongly dependent on the genetic constitution of the 
mouse strain analyzed. This knowledge is required to distinguish in-group 
differences caused by variation in genetic (inbred) background from true 
morphological/metabolic abnormalities caused by the lack of CK.
To the best of our knowledge this study provides for the first time a 
data set of absolute values for in vivo tissue levels of specific metabolites in
1 31the mouse brain. The H and P MR spectra obtained from specific brain 
locations in control animals and in animals lacking B-CK and/or UbCKmit 
revealed some distinct metabolic differences between these mutants. This 
also prompted us to reevaluate the value of reporter signals that are 
considered specific for neurons and glia, and are used to assist in the
31characterization of brain disease in human patients. Our localized P MR 
spectroscopy results reveal that mice completely deficient in B-CK and 
UbCKmit isoenzymes show no major metabolic anomalies and have normal 
ATP, Pi and pH levels, although their PCr level is undetectable low.
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Material and methods 
Animals
A complete description of the generation and phenotyping of 
knockout mice with single, double, or compound mutations in the gene(s) 
encoding ubiquitous mitochondrial creatine kinase (UbCKmit) (Steeghs et al.
1995) and/or cytosolic brain specific creatine kinase (B-CK) (chapter 6) can 
be found elsewhere. These mouse models are referred to as UbCKmit-/_, B- 
CK-/_ or B-CK/UbCKmit / ) throughout the text. All mutant mice have a 
mixed 75%-25% genetic background, originating from the parental strains 
C57BL/6 and 129/Ola, respectively, that were used in the ES cell 
manipulation and breeding procedure. Since these two mouse strains differ 
significantly in brain morphology (http://www.nervenet.org/mbl/mbl.html) we 
used wild type littermates with mixed genetic background, but also animals 
with a pure C57BL/6 and 129/Ola background as controls. All mice used 
were females at an age of approximately 7 months. To investigate aging 
effects, the hippocampus/ cortex from control and BCK-/_ mice were also 
measured at an age of 24-27 months. After MR imaging of the brains of this 
group of mice (n=6), one animal died in the experiment, resulting in 5 
localized proton MR spectra.
During the MR experiments the animals were anesthetized with 
1.3% isoflurane in a gas mixture of 50% O2 / 50% N2O delivered through a 
facemask. The rectal temperature was monitored using a fluoroptic 
thermometer (Luxtron 712, California, USA) and maintained at 36.8±0.5 °C 
using a bed with a warm water circuit. The respiratory frequency and 
amplitude was monitored optically (Sirecust 401/ Siemens). Care and use of 
animals complied with institutional and federal guidelines.
MR equipment
The MR experiments were performed on a 7.0 T magnet (Magnex 
Scientific, Abingdon, England) interfaced to a S.M.I.S. spectrometer (Surrey 
Medical Imaging Systems, Surrey, England) operating at 300.22 MHz for 1H
31and at 121.53 MHz for P. The horizontal magnet is equipped with a 150 
mT/m shielded gradient set and has a free bore size of 120 mm. The 
receiver channel was slightly modified by using home-build ultra-low noise 
preamplifiers and a low-loss active transmit/receive switch.
Localized H MR Spectroscopy and Imaging
For a high H sensitivity a surface coil was used with an elliptical 
shape (15 mm by 11 mm) optimized for the geometry of the mouse brain.
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For additional stereotactic fixation perspex earbars were used. Localized 
proton MR spectroscopy was performed using the STEAM sequence (Frahm 
et al. 1987) (TE=10 ms, TM=15 ms) with a repetition time of 5000 ms, 5000 
Hz spectral width and averaging 512 scans (43 minutes). Water 
suppression was achieved using CHESS (Haase et al. 1985). The voxel size 
was 4 |jJ located in three locations of the brain, i.e. thalamus, 
cortex/hippocampus and cerebellum. The localization of this voxel was 
guided by T2-weighted spin echo images acquired in three oblique, 
perpendicular directions (TE=50 ms, Tr=2000 ms, slice thickness 0.5 mm, 
bandwidth 50 kHz, matrix size 512x256, 24 slices). Localized shimming on 
this (oblique) voxel was performed until a maximum line width (FWHM) of 
typically 12 Hz (0.04 ppm) was reached.
31Localized P MR Spectroscopy
A combination of two slightly overlapping 16-mm surface coils was 
chosen. The two coils operate in quadrature mode (Adriany and Gruetter
1997) in the brain area. Both surface coils were anatomically shaped to fit as 
closely as possible to the brain (Klomp et al. 1999, chapter 2). This complete 
configuration is then shifted inside a cylindrical H-volume coil, based on the 
Alderman-Grant concept (Alderman and Grant 1979). To maintain sufficient 
image quality for good localization, this coil has a diameter of only 33 mm. 
Also perspex earbars were used for additional stereotactic fixation. Localized
31 P MR spectroscopy was performed using a standard ISIS sequence 
(Ordidge et al. 1986) (Tr=7 s, 512 scans). Voxel selection was guided by 
gradient echo images (FOV 20mm,TE=5ms, Tr=500ms, slice thickness 1 
mm, bandwidth 100 kHz, 128x128 matrix, 12 slices) and shimming was 
performed on this voxel using a STEAM sequence (line width < 0.12 ppm) 
(Frahm et al. 1987). The largest possible VOI while still excluding unwanted 
contributions from surrounding skin and muscle tissue was 7x7x5 mm 
covering most of the brain except the cerebellum. The 6.5 kHz bandwidth 
adiabatic hyperbolic secant RF pulses was sufficiently B1-insensitive. The 
maximum chemical shift displacement for the ß-ATP is less than 1 mm when 
the observe frequency is set at the PCr resonance.
Data analysis
The localized H MR spectroscopy data were analyzed in the 
frequency domain with the LCModel 5.1-7 software package (Provencher 
1993), which uses a linear combination of model metabolite spectra obtained 
under identical experimental conditions. The spectra were eddy current 
corrected in LCModel and no further constraints were used in the remaining 
of the analysis. For direct absolute quantitation of metabolite levels by
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LCModel, the use of a homogeneous RF coil is needed. Since a surface coil 
was used, internal water was used as reference for this quantitation. The 
water signal was fitted in the time domain using the MRU I 97.1 software 
package (http://www.mrui.uab.es/mrui/mruiHomePage.html) and a factor 
was determined relating the amplitudes calculated in MRU I to LCModel. A 
water content of 75% in the mouse brain was assumed in all calculations.
In the analysis of the data, a peak at about 3.8 ppm could not 
completely be accounted for by the glutamate/glutamine C2-protons. A 
singlet type residue was clearly visible in the baseline after the fit. For a 
more complete fit we included a singlet of an unknown compound in the 
database set of the LCModel software package at this position. No effect 
could be detected on the outcome of the analysis for other metabolites with 
LCModel, because of the addition of this extra, unknown compound signal.
31The localized P MR spectra were evaluated in the time domain 
using MRUI 97.1 (http://www.mrui.uab.es/mrui/mruiHomePage.html ). The 
peaks were fitted assuming a Gaussian line shape model function. No prior 
knowledge was used. The pH was calculated from the Pi-PCr shift and also 
using the Pi-aATP shift (Moon and Richards 1973). For quantification, the
31signals were related to the amplitude of the P MR signal from a 100 mM Pi 
solution acquired under identical experimental conditions including coil 
loading.
Chemical analysis of the total creatine pool
For analysis of the creatine concentration in the mouse brain, mice 
were anaesthetized with avertine. The mouse brain was removed and 
quickly frozen in liquid nitrogen. The tissue was powdered and extracted with 
0.6 M HClO4 and the resulting extract was neutralized with 3M KOH. The 
PCr and free Cr levels in this solution were essayed via coupled enzymatic 
reactions (Bergmeyer 1974).
Statistics
An unpaired t-test was used to test if metabolite levels were 
significantly different between animal groups. Differences were considered 
significant when p< 0.05.
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Results
Enlarged ventricles in B-CKX mice
In order to be able to interpret possible anatomical changes 
observed by MR imaging, high-resolution T2-weighted images were acquired 
from individual animals belonging to the pure C57BL/6 or 129/Ola inbred 
cohorts or from members from mixed inbred litters, in three perpendicular 
directions. As anticipated, based on published histological data 
(http://www.nervenet.org/mbl/mbl.html), we noticed by visual inspection a 
clear difference in lateral ventricle volume size, with volumes being 
significantly larger in C57BL/6 mice than in animals of the 129/Ola 
substrains (horizontal mouse brain slices shown in figure 7.1). MR images of 
brains from wild type mice with a mixed (75%-25%) C57BL/6-129/Ola 
genetic background closely resembled those with the pure C57BL/6 
background (see figure 7.1). When compared to C57BL/6, 129/Ola or mixed
C57BL/6 129/Ola
UbCKmit -/- B-CK/UbCKmit --/_
Figure 7.1: Brain morphology as studied by T2-weighted spin-echo images in the horizontal 
plane (compare images to pictures shown in the mouse atlas (Franklin and Paxinos 1997)) 
that emphasizes the variation in lateral ventricle volume caused by differences in genetic 
background.
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inbred background wild type animals (B-CK+/+), 3 out of 5 of the B-CK-/- 
mutants (4 months old) showed an obvious increase in ventricle volume, as 
deduced from the larger area of high intensity pixels in these images. We 
consider the effects on ventricle size a serious phenotype although the 
volume increase was not evident in all B-CK mutants. This could be due to 
developmental masking or incomplete penetrance due to compensating 
activity of genes that make up the volume regulatory system in brain. To 
analyze these possibilities more closely we measured the series of the same 
five B-CK-/- mice also at 7 months of age, but found no progressive 
enlargement of the ventricle volume. Also, the brains of both mice that were 
apparently normal at 4 months of age were still normal at 7 months. In a 
group of 2-year-old BCK-/- mouse mutants enlarged ventricles were found 
again in 3 out of 6 aged mice, whereas 5 aged wild type controls had normal 
size ventricles. It is of note here that mice lacking the mitochondrial isoform 
(UbCKmit-/-) show a normal ventricle size, and, interestingly, even mice that 
completely lack brain CK (B -C K /U bC K m it/) show no obvious 
abnormalities.
Lack of PCr in CK deficient mouse brain
Then, to investigate the metabolic consequence(s) of the lack of one 
or both isoforms of creatine kinase on the PCr/ATP ratios in the brain we
31performed localized P MR spectroscopy on the brains of single and double 
CK mutants. The selected voxel of 7x7x5 mm covered almost the whole 
brain, except for the cerebellum. The spectra obtained are shown in figure 
7.2. Resonances for PCr (0 ppm), ATP (-2.5, -7.5 and -16.1 ppm), Pi (5 
ppm), phosphomonoesters (6.7ppm) were observed routinely, and usually a 
resonance for phosphodiesters (3.1 ppm) was visible too. Strikingly, but not 
entirely unexpected on basis of the genotype information, the PCr signal was 
clearly below the level of detection in the spectrum of double mutant B- 
CK/UbCKmit / mice. Table 7.1 shows the absolute values for metabolite 
levels, ratios and tissue pH from measurements of multiple animals. The PCr 
/ ATP ratio in B-CK-/- and in UbCKmit-/- mice is not deviant from wild type. 
The pH (7.10-7.15) calculated from the Pi-PCr shift in resonance position did 
not reveal any differences for B-CK-/- and UbCKmit-/- mice compared to CK- 
proficient littermates. Since compound mutant B-CK/UbCKmit / mice have 
no detectable PCr signal we could not use the spectral distance between Pi 
and PCr resonance positions for determining the pH in these mice. However, 
if calculated on basis of the Pi-aATP shift, we found no indications for a shift 
in pH value in the CK-less brain (pH=7.23 ± 0.08 compared to control 
pH=7.25 ± 0.18).
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PCr
ppm
Figure 7.2: ISIS localized 31P-MR spectra from CK- deficient mouse brain and control. The 
only difference between these mice types is the lack of PCr in the B-CK/UbCKmit double 
deficient mouse. Resonances visible are phosphocreatine (PCr), phosphomonoesters 
(PME), inorganic phosphate (Pi) and the three phosphates of ATP.
Table 7.1: PCr, ATP, Pi levels and pH in the brain (mean ± SD) of the different mouse 
mutants and control mice as measured with localized 1P MR spectroscopy.
Control(n=5) B-CK- /-  (n=5) UbCKm it-/- B-CK/UbCKm it-7 _
(n=4) (n=3)
ATP (mM) 2.2 ± 0.3 2.4 ± 0.5 2.4 ± 0.5 2.3 ± 0.5
PCr (mM) 3.7 ± 0.6 4.4 ± 0.7 4.0 ± 0.3 -
Pi (mM) 1.9 ± 0.6 2.0 ± 0.7 2.0 ± 0.7 1.9 ± 0.6
pH (P i/PCr) 7.15 ± 0.07 7.10 ± 0.10 7.11 ± 0.02 -
pH (P i/aN TP) 7.25 ± 0.18 7.20 ± 0.20 7.09 ± 0.06 7.23 ± 0.08
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Increased NAA and decreased total Cr levels in CK deficient mouse 
brain
31While P MR spectroscopy gives an indication of the bio-energetic state of 
brain tissue, localized 1H MR spectroscopy, with its higher sensitivity, is 
more informative on other metabolic aspects. To compare data for 
functionally different segments we positioned a voxel of 4 |jJ in three regions 
of the brain as depicted in figure 7.3. The corresponding H MR spectra 
acquired from these locations from a B-CK/UbCKmit / mouse and the 
control mouse with a mixed genetic background are shown in figure 7.4. The 
most prominent resonance signals in the spectra represent Cr (CH3 at 3.03 / 
CH2 at 3.92 ppm), NAA (CH3 at 2.03 ppm), phosphorylcholine (PC) and 
glycerophosphorylcholine (GPC) (CH3 at »3.2 ppm). Signals for other 
compounds such as glutamate, glutamine, taurine and myo-inositol are also 
visible and indicated in the figure. The most obvious differences between the 
control mouse and the B-CK/UbCKmit / mouse are a significant higher 
NAA and a lower Cr/PCr signal. This becomes most evident in a quantitative 
analysis of metabolite levels as presented in table 7.2 for the control, B- 
CK-/- , UbCKmit-/- , and the B-CK/UbCKmit / mice. Metabolites not listed 
are GABA (»2 mM), glutamine (»2 mM) and taurine (»4.5mM). Tissue levels 
of these compounds are not significantly different between the three voxel 
locations and mouse types.
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Horizontal Sagittal Coronal
Position 1
Position 2
Position 3
Figure 7.3: Spin echo images of the mouse brain depicting the projection in three
perpendicular directions (horizontal, sagittal, coronal (see mouse atlas) (Franklin and
Paxinos 1997)) of the three selected brain tissue voxels for 1H MR spectroscopy 
experiments .
Control
PCr / Cr
B-CK/UbCKmit __/_
ppm ppm
Figure 7.4: Proton MR spectra of three locations in the brain for a control (left) and CK 
double deficient mouse (right). The difference in NAA and creatine levels between these 
two mice is most prominent. Resonances visible are phosphocreatine/creatine (PCr/Cr), 
glutamate (Glu), glutamine (Gln), N-acetyl-aspartic acid (NAA), taurine (tau), 
phosphorylcholine and glycerophosphorylcholine (GPC/PC) and myo-inositol (Ins) as 
indicated in the figure.
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Table 7.2 : Metabolite levels (mean ± SD) as a function of the localization in the mouse 
brain for the different CK mouse mutants and control type.
total Creatine (mM) Control B-CK7_ UbCKmit_/_ B-CK/UbCKmit__/_
(n=5) (n=5) (n=6) (n=5)
Thalamus 8.3 ± 0.6 8.9 ± 0.4 8.2 ± 0.9 6.4 ± 0.5*
Cortex/hippocampus 8.1 ± 0.5 8.7 ± 0.5 8.6 ± 0.8 6.6 ± 0.5*
Cerebellum 9.8 ± 2.3 10.0 ± 3.0 10.9 ± 2.0 7.7 ± 1.5*
NAA (mM) Control B-CK_/_ UbCKmit_/_ B-CK/UbCKmit /
Thalamus 6.4 ± 1.0 5.1 ± 0.3# 5.4 ± 0.4 7.6 ± 0.9*
Cortex/hippocampus 5.4 ± 1.1 5.6± 0.5 5.5 ± 0.7 7.2 ± 1.0*
Cerebellum 5.4 ± 0.9 5.3 ± 0.7 6.0 ± 0.7 6.8 ± 0.6*
GPC+ PC (mM) Control B-CK_/_ UbCKmit_/_ B-CK/UbCKmit /
Thalamus 4.6 ± 0.8 3.5 ± 0.8 4.5 ± 1.2 5.1 ± 1.5
Cortex/hippocampus 1.9 ± 0.8 1.9 ± 1.1 2.8 ± 1.3 1.5 ± 0.8
Cerebellum 4.6 ± 2.3 2.8 ± 1.3 6.0 ± 2.1 5.7± 3.0
Myo-inositol (mM) Control B-CK_/_ UbCKmit_/_ B-CK/UbCKmit__/__
Thalamus/ Striatum 3.7 ± 1.2 2.6 ± 0.4 2.5 ± 1.2 2.5 ± 0.6
Cortex/hippocampus 2.5 ± 1.0 2.6 ± 0.5 2.6 ± 0.5 2.4 ± 1.3
Cerebellum 3.2 ± 0.6 1.8± 0.4# 3.3 ± 0.7 1.8 ± 1.1#
Glutamate (mM) Control B-CK_/_ UbCKmit_/_ B-CK/UbCKmit__/__
Thalamus 3.8 ± 0.4 3.9 ± 0.5 4.8 ± 0.4$ 5.3 ± 1.0$
Cortex/hippocampus 4.0 ± 1.3 3.9 ± 0.4 4.5 ± 0.8$ 4.4 ± 1.0$
Cerebellum 3.7 ± 0.7 3.5 ± 0.8 5.0 ± 0.7$ 4.2 ± 0.7$
* significant different (p<0.01) from all other mice mutants
# significant different (p<0.05) from all other mice mutants
$ significant different (p<0.05) from mice still containing mitochondrial UbCK
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Effects of genetic background
We acquired H MR spectra for each of the inbred strains used in 
our work. The average concentrations in the three voxel areas are listed in 
table 7.3. The NAA content in 129/Ola mice was significantly higher than in 
C57BL/6 or mixed inbred mice, but still significantly lower than in B- 
CK/UbCKmit / mice. It is remarkable that pure C57BL/6 and 129/Ola 
inbred animals seem to have a higher glutamate content than mixed inbred 
animals (table 7.3). If we compare glutamate levels between different CK 
mutants (table 7.2) for all three voxel areas, only the mice that bear 
mutations in the UbCKmit gene (UbCKmit-/_ and B -C K /U bC K m it/) have 
somewhat higher levels, but B-CK-/_ mice are normal (i.e. similar to mixed 
inbred littermates). For comparative merits also representative average 
absolute levels of creatine, NAA, GPC+PC, Myo-inositol and glutamate, 
based on literature data, are given for human and rat brain in table 7.3. The 
values clearly point to significant species effects on metabolite levels.
Table 7.3: Comparison of 6 metabolites (mean ± SD) in the brain for control type with 
mixed genetic background, two outbred mouse strains and for rat and human brain.
Concentration Control C57BL/6 129/Ola rat1 Human2,3
(mM) (n=5) (n=3) (n=3)
Creatine 8.8 ± 1.6 9.2 ± 1.9 9.4 ± 1.5 » 8.5 6-8
NAA 5.8 ± 1.1 5.8 ± 0.7 6.5 ± 0.9* » 8-9 8-10
GPC+PC 3.8 ± 1.9 3.0 ± 1.4 4.5 ± 1.3 » 1 1-2
Myo-inositol 3.2 ± 1.0 2.4 ± 0.4 2.9 ± 0.6 » 5 » 5
Glutamate 3.8 ± 0.8 5.2 ± 0.9# 4.9 ± 2.1# » 9 8-10
1Pfeuffer et al. 1999; 2Ross and Blueml 1996; 3Pouwels and Frahm 1998.
* significantly different (p<0.05) from littermate and C57BL/6
# significantly different (p<0.05) from littermate
Abnormal creatine levels in brain lacking B-CK
31 1The combination of the quantitative P/ H MR spectroscopy creates 
the possibility to calculate the free Cr levels by subtracting the PCr pool from 
the total Cr pool (table 7.4). Since PCr is essentially undetectable in the B- 
CK/UbCKmit / double deficient mouse, the Cr + PCr signal intensity 
observed in the proton MR spectra represents only Cr. The estimated free 
Cr pool is the same in wild type, B-CK-/_ and UbCKmit-/_ mice (4.4-4.5 mM). 
It is interesting to note that total Cr levels were slightly increased in B-CK 
knock-out mice (7% increase) which correlates with the somewhat higher 
PCr content in these animals. More interesting is that the total Cr level is 
25% decreased in B-CK/UbCKmit / double deficient mice, but in the
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absence of PCr, the level of free Cr in these animals is significantly (i.e. 
50%) higher than in single CK-mutants or controls (6.5 mM vs. 4.4-4.5 mM).
Table 7.4: Free creatine levels (mean ± SD) calculated from the total creatine pool (via 1H- 
MR spectroscopy) and the PCr levels (via 1P MR spectroscopy). These concentrations are 
validated for the B-CK/UbCKmit~/_ and control mice.
Control B-CK_/_ UbCKmit_/_ B-CK/UbCKmit__/__
Total Cr (mM) 8.5 ± 1.0 - - 6.4 ± 0.2
(chem) (n=4) (n=3)
1H MR 8.2 ± 0.6 8.8 ± 8.4 ± 0.5 6.5 ± 0.5
spectroscopy ^ (n=10) 0.4* (n=12) (n=10)
total Cr (mM) (n=10)
31P MR 3.7 ± 0.6 4.4 ± 0.7 4.0 ± 0.3 0
spectroscopy ^ (n=5) (n=5) (n=4) (n=3)
PCr (mM)
Free Cr (mM) 4.5 ± 0.8 4.4 ± 0.8 4.4 ± 0.8 6.5 ± 0.5**
* significantly different compared to wild type
** significantly different compared to all other mice types measured
Lower NAA level during aging in B-CK_/_ mice
From the B-CK-/_ mutant strain, a cohort of animals (n=6) was 
available at an advanced age of 26 months, which allowed us to study 
aging-related phenomena by comparing them to equally old control mice 
(n=5). Again, high resolution MR imaging showed enlarged ventricles for 3 
out of 6 mice studied compared to controls (data not shown). The results of 
the MR spectroscopy of the hippocampus/cortex area are summarized in 
table 7.5. The levels of most of the metabolites did not differ significantly 
between mutant animals in the cohorts at 6 and 26 months of age, and were 
also similar to those in age matched controls, with one notable exception, 
the concentration of NAA. NAA signals were significantly decreased in 
animals belonging to the aged B-CK-/_ cohort, but not in all other mice. 
Although not significant, we observed that glutamate and glutamine levels in 
B-CK-/_ mice appeared to decrease concomitantly with NAA levels.
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Table 7.5: Effect of B-CK deficiency on the levels of brain metabolite levels detectable in 
the hippocampes/cortex region using 1H-MR spectroscopy as a function of the age of the 
mouse (mean ± SD).
Control Control BCK_/_ BCK_/_
6 months 24 months 6 months 24 months
Creatine 8.1 ± 0.5 9.1 ± 1.7 8.7 ± 0.5 8.7 ± 1.0
NAA 5.4 ± 1.1 5.4 ± 0.9 5.6 ± 0.5 4.5 ± 0.6*
GPC+PC 1.9 ± 0.8 2.0 ± 1.6 1.9 ± 1.1 1.6 ± 1.5
Myo-inositol 2.5 ± 1.0 2.7 ± 1.2 2.6 ± 0.5 2.6 ± 1.1
Glutamate 4.0 ± 1.3 3.7 ± 0.7 4.0 ± 0.4 3.4 ± 0.7
Glutamine 2.1 ± 0.7 1.6 ± 0.8 1.7 ± 0.6 1.4 ± 1.2
GABA 1.9 ± 1.4 1.7 ± 0.4 2.1 ± 0.7 1.3 ± 0.8
Taurine 5.2 ± 2.7 7.6 ± 1.8 5.2 ± 0.9 6.3 ± 1.3
* significantly different from all other groups (p< 0.05, one tailed t-test)
Discussion
The use of strategies for targeted mutagenesis in mouse embryonic 
stem (ES) cells (Capecchi 1989) opened up many new and exciting 
opportunities to study brain physiology in genetically altered mouse models. 
Fortunately, also our ability to monitor the pathobiological consequences of 
mutation has significantly improved due to the further sophistication and the 
introduction of new physical imaging techniques. In particular, the availability 
of MR equipment with wide-bore magnets at high field strength enables us to 
use localized MR spectroscopy and high resolution MR imaging to assess 
the brains of small animals non-invasively and to follow morphological 
changes, or to monitor the localized distribution of “indicator” metabolites in 
brain during development, growth and aging.
Here we present our findings on recently developed mouse models, 
which lack one or both brain-specific CK isoenzymes; enzymes involved in 
cellular energy homeostasis and protection against the adverse effects of 
(locally) abnormal ADP/ATP ratios (see for example (Wallimann et al. 1992; 
Wallimann and Hemmer 1994)).
Genetic background effects on the ventricle size.
Mutations in our B-CK-/_, UbCKmit-/_ and double deficient models 
are on a 75%-25% C57BL/6-129/Ola mixed inbred background. As strain- 
dependent variation in genetic background is a known cause of differences 
in physiological (Lipp and Wolfer 1998; Gerlai and Clayton 1999) and 
anatomical properties of the mouse brain (Livy and Wahlsten 1991) and 
therefore a potential source of errors and confusion in MR studies we paid
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particular attention to the contribution of strain-type. We decided therefore to 
firstly validate the potential value (i.e. reproducibility) of our MR-based 
approaches and assess the pathological-indicator sensitivity of our data by 
comparing mixed inbred strains and parental strains C57BL/6 and 129/Ola, 
the most frequently used genetic background donors in gene-targeting 
studies. As anticipated on the basis of published morpho-anatomical 
characteristics (Livy and Wahlsten 1991) we did indeed see a clear variation 
in ventricle volume in these animals. The volume of ventricles in control wild 
type animals with mixed background resembled that in C57BL/6 mice. Still, 
the picture seen in members of the group of B-CK deficient animals was far 
outside the range of ventricle sizes seen in any of the other groups with 
mixed and pure inbred background, rendering the finding of enlarged 
ventricle size in these mutants highly significant.
Absolute metabolite levels in the in vivo mouse brain
Quantitative MR proton spectroscopy has not been often used in 
mouse studies and therefore, to the knowledge of the authors, no data on 
the absolute levels of brain metabolites in the in vivo mouse brain is 
available. In contrast much effort has been put into quantifying MR 
spectroscopy data for human (see for example (Ernst et al. 1993; Kreis et al. 
1993; Michaelis et al. 1993; Pouwels and Frahm 1998)) and rat brain 
(Pfeuffer et al. 1999). The Cr concentration found in the normal mouse brain 
in our experiments is almost similar to that of rat and close to that of human. 
In mouse and human brain higher levels are found in the cerebellum. The 
NAA level reported for mouse in this study is significantly lower than that of 
human and rat brain, but almost similar to previously reported values for 
mouse (Fleming and Lowry 1966; Marcucci and Giacalone 1969). NAA is 
one of the most prominent peaks in the proton MR spectra of CNS tissue 
and is considered to be a neuronal and axonal marker (Birken and Oldendorf 
1989). The difference in NAA levels in rat and mouse brain corresponds well 
with the factor of about a two-fold difference in cholinergic neurons per 
section of equal thickness in mouse and rat brain (Hagg et al. 1997). Like 
the NAA levels, also the concentrations of glutamate and myo-inositol are 
almost a factor two lower in mouse brain compared to human brain. In 
contrast, the (PC +GPC) level in mice is significantly higher (factor 2-3).
The fit of the overlapping resonances at about 3.8 ppm in mouse 
brain MR spectra is performed assuming the contribution of a singlet 
resonance of an unknown compound. Although a solid assignment is not 
easy, a potential candidate for this singlet would be the methylene group of 
guanidinoacetate. If this is the case, the levels of guanidinoacetate may be 
about 8 mM in mouse, while this metabolite is undetectably low in human 
and rat brain under normal conditions. However, since its phosphorylated
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31form, guanidinoacetate-phosphate is not detectable in the P MR spectra, 
this assignment is not likely. Further research is needed to identify the origin 
of this residue.
A proposed marker for the astrocyte content of brain tissue is myo­
inositol (e.g. (Ross and Blueml 1996)), which is also considered to be a 
major regulator in the osmolarity of the cell (Brand et al. 1997; Brand et al. 
1998). Although the control mice C57BL/6 and 129/Ola differ significantly in 
their astrocyte content as was shown by immunohistochemical staining (data 
not shown), the myo-inositol content as determined by proton MR 
spectroscopy in these two strains is not significantly different. Therefore, and 
because myo-inositol is not exclusively found in glia cells (Godfrey et al. 
1982; Moore et al. 1999), we consider using myo-inositol as a astrocyte 
marker in mouse brain studies doubtful. In the study presented here only 
mice lacking the cytosolic B-CK (alone or in combination with UbCKmit) 
showed a decreased concentration of this metabolite in the cerebellum 
(factor 0.55). Perhaps as the most straightforward interpretation we should 
therefore consider this phenomenon a compensation for changes in 
osmolarity in our mutants. But whether this is indeed the only explanation, 
and a direct or indirect effect of B-CK absence, remains subject for further 
study.
Creatine kinase deficient mouse brain
Initially, based on the hypothesis that CK activity is essential for 
normal brain function and lack of the complete CK shunt in the brain might 
be lethal (Ross and Blueml 1996), we anticipated to see major changes in 
single or double mutant animals. However, mice with either B-CK or 
UbCKmit deficiency are alive and overtly normal and B-CK mutants show 
only progressive learning deficits. Aging of B-CK-/_ mice exacerbated the 
defect in spatial learning. Double mutant animals have more global 
physiological problems, affecting other systems than the brain (unpublished 
results). We report here that with MR imaging no structural-anatomical 
abnormalities were seen in B-CK-/_; UbCKmit-/_ mutants. Surprisingly, we 
did see, however, an increased ventricle volume in most of our B-CK-/_ mice 
(3 out of 6 or 6 out of 11 if the cohort at 26-month of age is included). 
Because this phenomenon does not become more frequent with aging and 
is not fully penetrant, it can apparently be compensated by other gene 
functions. The unique association of abnormal ventricle size with the lack of 
B-CK-/_ is therefore not entirely clear. In B-CK-/_ mutants there is also a 
slightly higher level of PCr, but an apparently normal level of free Cr. In 
double mutant B-CK/UbCKmit / mice this level of free Cr is significantly 
higher (while PCr is absent). Moreover, at the old age of 26 months, B-CK-/_ 
mice are unique in showing a lower NAA content in the hippocampus/cortex
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compared to control mice of the same age. When putting these data in the 
known context of (hypothetical) functions for NAA, PCr, and free creatine, it 
is tempting to speculate that the problems seen in B-CK-/_ animals are 
somehow related to a defect in cell volume regulation, perhaps caused by 
abnormal ion homeostasis due to impaired efficiency of cytosolic pump 
ATPases. Assuming that Cr does not only function as acceptor of high- 
energy ~P groups but also has a separate role as co-solvent or osmolite (in 
analogy to various other amino acid-like compounds (Tyagi and Gupta 
1998)) it is thus possible that the increased level of Cr is in fact the reason 
why ventricle problems are masked in B-CK/UbCKmit / mice, while in B- 
CK-/_ the problems caused by blockade of the conversion of cytosolic PCr 
cannot be entirely compensated. In this respect it is also interesting to note 
here that the corpus striatum and thalamus of B-CK-/_ mice also exhibited a 
significant lower NAA content compared to all other mouse brains areas 
measured (see below). Perhaps it is also of note here that we selectively lost 
a significant percentage of double CK mutants in our cohort (see chapter 6) 
due to unknown reasons. It is therefore possible that only those animals that 
could appropriately compensate for the deficit survived and were in fact the 
ones seen in our MR experiments. Future studies, with forced breeding 
programs on different inbred backgrounds, should clarify this issue.
The hypothetical statement that CK is essential for normal brain 
function in vivo was strengthened by the findings in two patients with lack of 
Cr and PCr (Stockler et al. 1994; Schulze et al. 1997). Importantly, our
31localized P MR spectroscopy analysis revealed that mice which completely 
lack CK exhibit no detectable PCr, while ATP and Pi levels and pH are 
normal. However, in our model we did not observe the pathological effects 
seen in the neonatal human patients. As stated above, H MR spectroscopy 
showed that concomitant with the complete lack of PCr the free Cr content in 
brains of B-CK/UbCKmit / mice was higher. Brain is, in contrast to skeletal 
muscle, able to synthesize Cr from guanidinoacetate (Defalco and Davies 
1961) via amido- and methyl-transferases. A change in guanidinoacetate 
levels, the immediate precursor of creatine, could therefore be a marker for a 
change in creatine synthesis (Stockler et al. 1994). It might be well possible 
that the increase in guanidinoacetate, as suggested before (Stockler- 
Ipsiroglu 1997), or the lack of free Cr instead of the lack of PCr was the true 
pathological factor in the human patient. Taken together the human and 
mouse data point to the importance of free Cr as an essential factor in the 
regulation of physiological pathways in the CNS next to the importance of 
PCr as a buffer for high-energy phosphates during strenuous conditions.
Surprisingly, mice completely lacking brain specific CKs, but not B- 
CK-/_ or UbCKmit-/_ only, exhibited a higher NAA content compared to 
mixed inbred and pure inbred controls. One could postulate that B- 
CK/UbCKmit double mutants (as do mice that lack both muscle-specific CK
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isoforms (Steeghs et al. 1997) (de Groof, submitted) show the most 
profound adaptations, thus ascribing the increase in the observed level for 
NAA to augmented axonal myelination (Berger and Schwab 1996; Tourbah 
et al. 1999). It is, however, also possible that the changes in NAA level in 
double mutant brain point to a general adaptation in metabolic pathways, 
such as lipid synthesis (Burri et al. 1991) or in its buffering capacity for 
acetyl-CoA (Berlinguet and Laliberte 1970; Patel and Clark 1979), rather 
than to a shift in the cell type distribution profile. Further interpretation of our 
observations is difficult because there is ongoing discussion on the exact 
extent of metabolic coupling between glia and neurons, and even the 
pathways used to meet brain energy consumption are not entirely clear 
(Herz and Robinson 1999).
Interestingly, mice lacking the mitochondrial UbCK (UbCK-/_ ; B- 
C K /U b C K m i t / )  exhibit a higher glutamate content compared to B-CK-/_ 
mice and control. The lower glutamate level for the control mouse with the 
mixed genetic background compared to the strains C57BL/6 and 129/Ola, 
makes it difficult to make a correlation between changes in glutamate 
concentration and absence or presence of CK isoenzyme activity. However, 
that mixed inbred animals show values different from both parental strains is 
a well-known phenomenon in experiments in the behavioral field (Lipp and 
Wolfer 1998; Gerlai and Clayton 1999). At present we do not know whether 
this findings are consistent with alterations in the mitochondrial capacity for 
synthesis of glutamate (from a-ketoglutarate, a TCA-cycle intermediate), but 
recent studies have indicated that there is indeed a prominent role of 
mitochondria in setting the cellular level of glutamate (Maechler and 
Wollheim 1999).
Brain is composed out of many cell types with many specific 
functionally active regions. Although this complicates detailed in vivo studies 
of brain by current MR techniques, there is particular use for localized MR 
spectroscopy in studies of brain energy metabolism. Since 80-90% of all 
glucose appears to be used for the glutamine/glutamate cycle after 
stimulation (Magistretti et al. 1999), we will have to focus on measurements 
of fluxes through this pathway following the determination of steady state 
metabolite concentrations. This might in fact reveal the dynamic adaptations 
in our mutants, and ultimately yield us insight in the plasticity of the energy 
network that enables mice without brain-specific CK to survive.
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Summary
For any living cell it is essential to keep energy demand and 
production well balanced, and have energy homeostasis under tight control. 
Energy is almost always provided in the form of ATP and needed for the 
synthesis and modification of small and macromolecular constituents of the 
cell, for cellular movement, maintenance of osmolar and electrical gradients, 
molecular transport, maintenance of protein integrity, and in warm-blooded 
animals, for the generation of body heat. Vertebrates are unique in that they 
contain -  besides the key metabolite ATP -  high concentrations of 
phospocreatine (PCr), mainly in tissues with a high and fluctuating energy 
demand (i.e. brain and muscle). Here, PCr serves as an energy reservoir to 
replenish ATP deficits in periods, during which energy consumption 
threatens to exceed energy production. The enzyme catalyzing reversible 
PCr to ATP conversion [reaction: PCr2- + MgADP- + H+ !  Cr + MgATP2-] is 
creatine kinase (CK), which manifests itself in three cytosolic and two 
mitochondrial isoforms. The proposed main functions of the CK-PCr system 
are temporal and spatial buffering of high-energy phosphates and protons, 
and maintenance of proper ATP/ADP ratios at subcellular compartments. 
Remarkably, although this system has been extensively studied in vitro and 
in vivo, it is still largely unknown how its proposed functions are linked to 
biological significance at the organismal level, in the intact animal. One 
approach to study this aspect is to render the CK-PCr system unfunctional 
by the introduction of targeted genetic lesions, in mouse models. Here I
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describe the use of this approach in combination with magnetic resonance 
(MR) spectroscopy, a sophisticated technique to study PCr and ATP-related 
physiology and metabolism in mouse in vivo, in a non-invasive way. MR was 
applied on mice lacking one or two isoforms of CK in either skeletal muscle 
(chapter 3-5) or brain (chapter 6-7) to reveal the adaptations and 
consequences of the genetic ablation.
In chapter 2 the mechanical framework and the RF-coils developed 
for the different MR experiments are summarized. By optimizing the RF-coil 
design in combination with use of a high magnetic field (7T) we were able to 
generate high quality MR spectra and images of mouse skeletal muscle 
(chapter 3-5) and brain (chapter 6-7).
To test the physiological significance in skeletal muscle of the CK- 
PCr system in vivo, transient ischemia as a relative simple physiological 
challenge was applied on the hind limb of mice lacking one or both muscle-
31specific (M-CK and ScCKmit) isoforms of CK (chapter 3). P-MR 
spectroscopy was used to monitor metabolic responses during and after an 
ischemic period of 25 minutes. Although single mutants show some subtle 
specific abnormalities, in general their responses appear similar to wild type. 
Only mice lacking both muscle specific CK-isoforms (M-CK-/-;ScCKmit-/-) 
show more dramatic effects, i.e. resulting in a 30% decline of ATP during 
ischemia. This illustrates the global ATP buffering role of the CK-PCr 
system, and implies that presence of one CK isoform is both necessary and 
sufficient for the system to be functional in meeting ischemic effects in 
skeletal muscle. Mutant mice lacking only the cytosolic muscle specific M-CK 
(M-CK“/“), or double mutants that lack M-CK and the mitochondrial 
isoenzyme ScCKmit together (M-CK/ScCkmit 7  ) showed increased 
phosphomonoester levels during ischemia, most likely reflecting adaptation 
to a more efficient utilization of glycogenolysis. While in M-CK/_ muscle, PCr 
can still be hydrolyzed to provide Pi for this process, in M-CK/ScCKmit 7 
muscle only Pi from ATP breakdown is available and Pi levels increase 
much more slowly. The experiments also revealed that the system plays a 
role in maintaining pH levels, as M-CK/ScCKmit 7  mice showed a faster 
and more pronounced acidification (pH=6.6) than muscles of wild type 
controls or single knockout mutants (pH=6.9)
Although the ischemia study yielded us insight in part of function(s) 
of the CK-PCr system, it did not explain all biochemical and physiological 
aspects of the system in muscle. For example, it was still unexplained how 
substantial amounts of PCr could accumulate in muscles that completely 
lacked the catalytic activity of the muscle specific CKs. The study described 
in chapter 4 explores the origin of the presence of PCr in muscle of M- 
CK/ScCkmit deficient mice and provided us more knowledge on the possible 
factors that determine resting PCr levels and MR visibility of the (total) 
creatine pool. During postnatal development, accumulation of the Cr and
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PCr pool levels is virtually normal, despite the low CK-activity in the muscle 
of M-CK/ScCKmit 7  mice (1% of control). The physiological accessibility of 
the PCr pool, as assessed by measurement of the dynamics of the PCr peak 
in M-CK/ScCKmit 7  muscle during the post-mortem stage, seems to be 
correlated with age. This supports the idea of a role for satellite cells in 
providing trace levels of brain specific cytosolic CK (B-CK) in the muscle. 
Satellite cells may provide B-CK to myotubes only when they merge. This 
may occur in a mosaic manner, resulting in a situation where the B-CK, and 
its product PCr, is not evenly distributed. When measured with MR, there will 
be an apparent different average in PCr/Cr ratio over the whole muscle 
tissue. Cr can also still be phosphorylated in mature CK-deficient muscle, as
13 13was demonstrated using C-labeled Cr. The ratio C-labeled PCr/Cr differs 
between M-CK/ScCKmit 7  mice and controls and is in agreement with the 
chemically determined ratio for PCr/Cr (i.e. the total content). At the age of 
14 days, significant higher levels of Cr are available in M-CK/ScCKmit 7 
muscle, explaining the different PCr/ATP ratio at this age. Measurement of
1
the total Cr concentration by H-MR spectroscopy resulted in values (36mM) 
that are remarkably similar to the values determined by chemical extraction 
methods (32 mM). This agreement questions the existence of large fractions 
of MR-invisible pools of Cr proposed by others.
MR-visibility aspects of Cr also play a key role in discussions on the 
dipole-dipole interactions as observed in mouse skeletal muscle (chapter 5). 
The hypothesis was tested if the PCr content could be measured by
1
observing the intensity of the H-MR methylene resonance of Cr. This 
intensity was not different between wild type and CK deficient mice, the latter 
one having a lower PCr content. In the post-mortem phase we observed a 
line width decrease in the methyl resonance and a 20% signal intensity loss 
for the methylene peak, concurrent with the breakdown of PCr measured by
31 P-MR. However, with the muscle at the magic angle no changes in the 
appearance and intensity of Cr (and taurine) resonances are observed. The 
results indicated that the changes observed for Cr resonances are related to 
altered dipolar couplings and that the intensity of the methylene resonance 
does not necessary reflect muscular PCr content. Further, the quantification 
of the total Cr pool with the muscle orientated at the magic angle (see 
chapter 4) also revealed no evidence for MR-invisible pools of Cr.
The generation of a new mouse model lacking one or both brain 
specific CK isoforms is presented in chapter 6. Gene-targeted mice lacking 
the genes for the B-CK and/or UbCKmit CK isoenzymes exhibit metabolic 
stress in the PCr-Cr energy circuit in brain. B-CK /_ mice show normal 
development, life expectancy and architectural fine structure of the 
hippocampus and other brain regions. Mice missing the entire CK system 
(B-CK/UbCKmit 7  ) completely lacked PCr as high-energy metabolite and 
showed a slightly reduced life expectancy and impaired weight gain, possibly
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related to fat-metabolism related thermogenic problems. Loss of B-CK is 
associated with impaired spatial learning in the water maze and abnormal 
habituation behavior in the open field trial. Also the time-profile of 
pharmacochemically induced seizures in B-CK“/_ and control animals differs. 
Aging as well as additional loss of UbCKmit enhances the problems with 
spatial memory acquisition. The results suggest that the CK-PCr circuit 
connects to general aspects of synaptic activity in brain.
While the first experiments on our new CK-mutant mouse model 
were focussed on behavior in relation with the presence of CKs, the next set 
of experiments were aimed at characterizing these mice using MR 
techniques. We show here that our MR imaging and spectroscopy results 
are clearly dependent on the genetic constitution of the mouse. No gross 
abnormalities in the brain could be found using MR imaging, except enlarged
31ventricles in part of the population of B-CK deficient mice. Quantitative P- 
MR spectroscopy results revealed that even mice completely deficient in 
brain specific CK isoenzymes show no major metabolic defects and have 
normal ATP, Pi levels and pH values, although their PCr level is 
undetectably low. The increase in the neuronal/axonal marker N- 
acetylaspartate (30%) in the B-CK/UbCKmit / mice suggests a higher 
axonal density. Despite the suggested specific localization of CK, 
adaptations found appear uniform across the mouse brain. These results 
question the proposed role of CKs in energy metabolism, and suggest that 
there may be additional roles for Cr in the cell, while PCr levels are important 
to replenish ATP during periods of high energy demand.
What did we learn from the results of the experiments on mice 
lacking CK isoforms? The most important conclusion should be that the 
presence of the CK-PCr system is not essential for basal functions of life, 
even not in neuronal tissue. Apparently, the plasticity of the metabolic 
circuitry causes adaptations to compensate for the genetic lesions. This 
makes the interpretation of the results on CK mouse mutants difficult. It is 
almost impossible to distinguish between direct effects of the CK-mutation 
and compensating adaptations that occur as a response to that defect. For 
muscle we now have a fairly informative picture of the metabolic and 
ultrastructural changes (A.de Groof, pers.communication), for brain this 
knowledge is still lacking entirely. The MR-analyses of brain described in this 
thesis provide us with basic knowledge on the ‘resting’ metabolic state of 
that tissue (i.e brain under anaesthesia) in different CK mouse mutants. 
However, from the muscle studies we know now that the CK-PCr system has 
its main role during periods when the system is highly challenged, upon 
sudden changes in energy demand. A new set of experiments on the mouse 
brain should therefore be aimed at metabolic dynamic in brain at work, 
however, this is technically very demanding. In addition, more emphasis 
should be on the typing of adaptations in different types of neurons and
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glias, in vivo in the brain of CK-mutants and ex vivo, in cell or organotypic 
culture. Together with increased knowledge on brain energy metabolism 
pathways this may yield us further clues on the biological significance of the 
CK/PCr circuit. Ultimately, the new data will help to change the prevailing 
hypotheses regarding this ‘energy buffering system’.
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Samenvatting
Onder normale omstandigheden is in een levende cel de vraag naar 
energie in balans met de productie daarvan. Dit evenwicht, 
energiehomeostase genoemd, is sterk gereguleerd. Wanneer de balans 
verstoord wordt doordat plotseling heel veel energie verbruikt wordt, kan 
vaak een beroep gedaan worden op een reservevoorraad energie. In 
gewervelde dieren komt dit voor in de vorm van phosphocreatine (PCr) en 
kan gebruikt worden om het directe ‘wisselgeld in de energiehuishouding, 
het molecuul ATP genoemd, snel weer aan te vullen. Het enzym dat nodig is 
voor de omzetting van PCr naar ATP heet creatine kinase (CK). Van dit eiwit 
bestaan 5 verschillende isovormen, die structureel grote gelijkenis vertonen 
en dezelfde substraatomzetting mogelijk maken. De verschillende leden van 
de CK-familie zijn te onderscheiden naar de specifieke plek in de cel en het 
weefsel waarin ze voorkomen. Twee CK enzymen komen voornamelijk voor 
in spieren. Deze worden in het proefschrift aangeduid als M-CK en ScCKmit. 
De eerstgenoemde komt voor in het cytosol van de cel, de andere speelt 
een rol in de energiefabriek van de cel, het mitochondrion. In de hersenen 
komen twee andere vormen voor, maar ook hier is één isovorm 
gelokaliseerd in het cytosol (B-CK) en de ander in het mitochondrion 
(UbCKmit). De functie van het CK-PCr systeem is veelvuldig bestudeerd, 
maar het biologische belang ervan in een levend wezen is grotendeels 
onbekend. Een manier om de rol van het CK-PCr systeem zichtbaar te 
maken is door het systeem gericht uit te schakelen met behulp van
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genetische modificatie in muizenmodellen. De gevolgen hiervan voor de 
fysiologie en het metabolisme van het hele levende dier kunnen vervolgens 
uitstekend bestudeerd worden met magnetische resonantie (MR). Met deze 
techniek kan bijvoorbeeld in het binnenste van de levende muis onderzoek 
gedaan worden, zonder dat hierbij een operatie nodig is. Magnetische 
resonantie is dan ook toegepast in dit proefschrift om de consequenties van 
het uitschakelen van het gehele of een gedeelte van het CK-PCr systeem in 
de skeletspier (hoofdstuk 3-5) of de hersenen (hoofdstuk 6-7) van de muis te 
bestuderen.
In hoofdstuk 2 is een overzicht gegeven van de opstellingen die 
ontwikkeld moesten worden om de diverse MR metingen aan de spier van 
de achterpoot van de muis (hoofdstuk 3,4,5) en de hersenen van de muis 
(hoofdstuk 6,7) mogelijk te maken. De methodische keuze die uiteindelijk 
gemaakt is maakte het mogelijk om in combinatie met een sterk magnetisch 
veld, informatie te verkrijgen van zowel de anatomie (MR beeldvorming) als 
de biochemie (MR spectroscopie) van de hersenen en spieren van de muis.
De eerste MR experimenten waren erop gericht om de biologische 
betekenis van het CK-PCr systeem te onderzoeken in de spier van de 
achterpoot van de muis (hoofdstuk 3). Voor een periode van 25 minuten 
werd de bloedvoorziening in de achterpoot van de muis onderbroken. 
Hierdoor raakt de zuurstof op en worden brandstoffen om energie te maken 
niet meer aangevoerd. Een dergelijke situatie wordt ischemie genoemd en 
de balans tussen energieproductie en consumptie wordt in feite verstoord.
31De gevolgen voor de energievoorraden in de spier zijn bestudeerd met P- 
MR spectroscopie. Alhoewel de enkelvoudig-mutante CK knock-out muizen 
subtiele verschillen lieten zien, was de algemene reactie op een dergelijke 
ischemische periode dezelfde als in de normale muis, dit in tegenstelling tot 
de situatie voor de dieren waarin beide CK genen gemuteerd waren. Dit 
betekent dat de aanwezigheid van tenminste een CK isovorm tenminste 
nodig, maar ook genoeg, is voor het energiesysteem om het gemis van één 
andere isovorm te kunnen compenseren. Dat het CK systeem belangrijke 
metabole buffercapaciteit levert werd duidelijk in de dubbel mutante muizen. 
Gedurende een ischemische periode nam in deze dieren de 
energievoorraad ATP af met 30%. Muizen die de cytosolische M-CK isovorm 
(in de enkel of de dubbel mutant) missen, laten een snelle toename van de 
suikerfosfaten zien gedurende deze ischemische periode. Dit wijst erop dat 
het systeem het gemis van M-CK bemerkt en andere manieren heeft 
gevonden om het gebrek te compenseren. Onder andere wordt de glycolyse 
nu meer en sneller gebruikt om ATP te produceren. De experimenten 
toonden ook nog eens aan dat het CK-PCr systeem belangrijk is om de 
verzuring van de spieren te vertragen. De dubbele mutanten verzuurden 
veel sneller dan de andere muizen in deze studie.
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P-MR spectroscopie metingen toonden al eerder aan dat de 
muizen die het CK compleet missen in de spiercellen toch nog steeds grote 
hoeveelheden PCr in de gehele spier vertonen. Dat is vreemd, gezien het 
feit dat de aanmaak en afbraak van deze stof door het enzym CK waren 
uitgeschakeld. Een mogelijke verklaring was dat deze PCr hoeveelheid nog 
resteert van de ontwikkeling van de jonge tot volwassen muis. Wanneer de 
muis nog heel jong is, bevat de spier nog voornamelijk B-CK. Wanneer de 
spier tijdens groei naar volwassenheid verder differentieert, verdwijnt dit B- 
CK en wordt vervangen door het spierspecifieke M-CK. In de knock-out 
muizen is dit laatste niet mogelijk. De oorsprong van de aanwezigheid van 
PCr in deze CK-deficiënte spieren is onderzocht (hoofdstuk 4). Tijdens de 
ontwikkeling van de spier is de toename in de creatine en phosphocreatine 
niveaus vergelijkbaar in creatine kinase deficiënte muizen en controle 
muizen. Dit terwijl de creatine kinase activiteit in de spier van de CK 
deficiënte muis al heel erg laag is (1% van de controle). Het idee is dat 
zogenaamde niet volgroeide cellen, satelliet cellen, die voornamelijk B-CK 
bevatten, fuseren met de volgroeide spiercellen. Op deze manier komen 
spiervezels aan net voldoende CK enzym om toch PCr aan te kunnen 
maken. Deze hoeveelheid is echter te weinig om PCr ook nog eens te 
gebruiken als energievoorraad. Dat PCr inderdaad nog aangemaakt wordt in
13de volwassen muis, is aangetoond in een experiment waar C-gelabelde 
creatine aan de muis werd gegeven. De inbouw van deze stof is gevolgd
13met C-MR spectroscopie. Duidelijk kon de PCr en Cr hoeveelheid in de 
gewone muis en de CK deficiënte muis zichtbaar gemaakt worden. De 
verhouding van de PCr en Cr waren in overeenstemming met de waarden 
gevonden via een chemische analyse. Verder bleek de totale creatine 
hoeveelheid die in de poot te meten is, ook overeen te komen met de 
chemische analyse. Dit ondergraaft het door anderen gesuggereerde idee 
dat grote hoeveelheden van creatine niet zichtbaar zou zijn met MR 
spectroscopie.
De zichtbaarheid van creatine speelt ook een belangrijke rol in de 
door mij beschreven studies van hoofdstuk 5. Hier werd de veronderstelling 
getest dat een deel van de creatine onzichtbaar zou worden in het proton 
MR spectrum wanneer de spier actief samentrekt of ischemisch wordt. Het
1
idee ontstond dat met H-MR PCr gemeten zou kunnen worden, terwijl
1
normaal alleen PCr+Cr te meten is met H-MR. Omdat in de CK deficiënte 
muismutanten, de phosphocreatine niet gebruikt kan worden, was dat een 
bruikbaar model om deze veronderstelling te testen. Alles draait in hoofdstuk 
5 om dipolaire interacties. Dat betekent in feite dat een molecuul, 
bijvoorbeeld creatine, niet geheel vrij kan ronddraaien om zijn eigen as in de 
spiercel. Hierdoor neemt de complexiteit van het spectrum toe doordat een 
stof die normaal één piek geeft in het MR-spectrum splitst in 2 of meerdere 
pieken. De grootte van deze splitsing is ook nog eens afhankelijk van de
31
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hoek tussen de spier in de poot en het magneetveld. Door nu de spier onder 
een bepaalde hoek te plaatsen in het magneetveld, de zogenaamde 
magische hoek, verdwijnen deze effecten. Aangetoond kon worden dat alle 
veranderingen die plaatsvinden wanneer PCr afgebroken wordt tot Cr, 
bijvoorbeeld wanneer de muis sterft, te maken hebben met veranderingen in 
de vrijheid van ronddraaien van het creatinemolecuul. Deze veranderingen 
in de dipolaire interactie konden aangetoond worden door ook bij de 
magische hoek te meten; geen veranderingen waren waarneembaar in het 
1
H-MR-spectrum. De conclusie was dan ook dat onbetrouwbare resultaten 
verkregen worden indien via proton MR spectroscopie, PCr wordt gemeten. 
Tevens toonde deze studie aan dat niet alleen creatine, maar andere 
stoffen, zoals lactaat en taurine, dipolair gedrag vertonen. Het lijkt er dus op 
dat dipolaire koppeling een meer algemeen verschijnsel is in skeletspieren.
Een nieuw muismodel om het CK-PCr systeem in de hersenen te 
bestuderen is geïntroduceerd in hoofdstuk 6. In dit nieuwe model zijn in de 
hersenen van de muis het cytosolische B-CK, het mitochondriële UbCK of 
beide CK vormen uitgeschakeld door genetische modificatie. Muizen zonder 
B-CK vertonen een normale ontwikkeling en levensverwachting. De 
hyperfijne structuren van de hippocampus en andere gebieden in de 
hersenen zijn normaal. Echter, de muizen die het gehele CK systeem 
missen, hebben geen detecteerbare PCr in de hersenen. Verder hebben 
deze muizen een enigszins verkorte levensverwachting en is de 
gewichtstoename als functie van de leeftijd verminderd in vergelijking met 
normale muizen. Dit zou te maken kunnen hebben met problemen in de 
vethuishouding, met als consequentie dat deze muizen gevoeliger zijn voor 
verandering in de omgevingstemperatuur. Het afwezig zijn van B-CK 
veroorzaakt een verminderd vermogen tot ruimtelijk leren, zoals aangetoond 
is met behulp van een oriëntatieproef om een platform te vinden tijdens een 
zwemtest in een waterbad (zogenaamde Morris water-maze proef). Ook 
vertonen muizen zonder B-CK een abnormaal gedrag in een open-veld proef 
en is het profiel van farmacologisch opgewekte convulsies verschillend voor 
B-CK en controle muizen. Opmerkelijk genoeg wordt het probleem met 
ruimtelijk leren nog versterkt wanneer de B-CK muizen ouder worden en 
wanneer naast het B-CK ook het UbCKmit afwezig is. Deze resultaten 
suggereren dat het CK-PCr systeem belangrijk is voor de synaptische 
activiteit in de hersenen.
De experimenten beschreven in hoofdstuk 6 waren voornamelijk 
gericht op gedrag als functie van de beschikbaarheid van creatine kinase in 
hersenen. De volgende set experimenten was bedoeld om de muizen met 
een genetisch gemodificeerd brein-CK systeem te karakteriseren met behulp 
van MR technieken. Een belangrijke bevinding was dat de beeldvorming en 
spectroscopie met MR sterk afhankelijk zijn van de genetische samenstelling 
van de muis. Omdat we na de genetische modificatie te maken hebben met
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muizen met een gemengde genetische achtergrond, is het belangrijk om het 
effect daarvan op de MR metingen te weten. Dit om onderscheid te kunnen 
maken tussen echte veranderingen welke veroorzaakt worden door de 
mutatie van CK genen en verschillen welke teweeggebracht worden door 
variatie in genetische achtergrond. Met behulp van de beeldvorming met MR 
konden geen grote afwijkingen gevonden worden in de hersenen van de CK 
mutanten. Alleen in de B-CK deficiënte muizen werden vergrootte ventrikels 
gevonden in ongeveer de helft van de populatie. Deze afwijkingen vielen 
buiten de spreiding in ventrikel grootte, veroorzaakt door een verschil in
31genetische achtergrond. Met behulp van P-MR spectroscopie was het 
mogelijk om te aan te tonen dat B-CK en UbCKmit mutante muizen normale 
ATP en Pi niveaus en pH waarden hebben. Dit geldt zelfs voor de muis die 
het complete CK systeem in de hersenen mist, hoewel deze muis geen
1
detecteerbare PCr hoeveelheden heeft. Met H-MR spectroscopie kon 
aangetoond worden dat de creatine hoeveelheid in de creatine kinase 
deficiënte muizenhersenen was afgenomen, terwijl de N-acetyl-aspartaat 
hoeveelheid, een indicator voor de neuronen/axonen, was toegenomen. Dat 
laatste zou dan betekenen dat de muizen zonder het CK-PCr systeem in de 
hersenen een aanpassing hebben ondergaan in de dichtheid van de 
neuronen/axonen.
Wat hebben we nu geleerd door het bestuderen van de creatine 
kinase knock-out modellen? De belangrijkste constatering is dat, in 
tegenstelling tot de verwachting, het creatine kinase systeem, zelfs voor de 
hersenen, niet noodzakelijk is om te kunnen leven. Blijkbaar kunnen er 
aanpassingen plaatsvinden in het metabole netwerk waardoor deze 
genetische modificatie gedeeltelijk gecompenseerd wordt. Hoewel de 
interpretatie van metingen aan CK deficiënte muizen hierdoor wordt 
bemoeilijkt leren studies van deze muizen ons zowel over de biologische 
betekenis van het CK systeem als over de plasticiteit van het metabole 
netwerk dat voor de energiehuishouding zorgt en waarvan dit systeem een 
onderdeel vormt. Voor de spier is het totale beeld van aanpassingen op 
metabool en structureel niveau in de CK deficiënte muis nu redelijk bekend 
(A. de Groof, persoonlijk overleg), maar voor de hersenen is deze kennis 
nog volledig afwezig. De analyse van de hersenen met behulp van MR, 
zoals beschreven in dit proefschrift, resulteert in basis kennis over de 
metabole toestand van dit orgaan in de zogenaamde rustconditie (de 
activiteit van de hersenen tijdens narcose) in verschillende CK 
muismutanten. Echter, studies die gericht zijn om de functie van het CK-PCr 
systeem in spieren op te helderen, tonen aan dat het CK-PCr systeem 
vooral belangrijk is wanneer een plotseling verandering optreedt in de 
balans tussen energieproductie en de behoefte aan energie. Een nieuwe 
serie metingen aan de hersenen van de muis moeten daarom gericht zijn op 
het bestuderen van de hersenen wanneer ze actief zijn, hoewel dit technisch
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minder eenvoudig te verwezenlijken zal zijn. Verder moet de nadruk gelegd 
worden op het karakteriseren van de aanpassingen in verschillende type 
neuronen en gliacellen in de hersenen van de CK-mutanten. Samen met de 
toegenomen kennis over de metabole paden in de hersenen, kan dit verdere 
aanwijzingen geven over de biologische significantie van het CK-PCr 
systeem. Uiteindelijk zal deze nieuwe data helpen om het bestaande idee te 
veranderen dat het CK-PCr systeem alleen als ‘energie buffer systeem’ 
functioneert.
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